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Preface

Born in a metropolitan city, I have fully witnessed the decolorization of our blue sky over the past few
decades. Hoping to contribute an effort to recover our blue sky, I have devoted myself to researching
electric vehicle (EV) technologies for over 20 years —starting from my undergraduate final year project
in EV battery monitoring in 1987 to my latest research project in EV in-wheel motor drives in 2014. In
fact, EVs have been globally identified to be the greenest road transportation, and the use of EVs will be
the most practical way to combat smog and soot from road vehicles in the foreseeable future.

Over the years, there have been many books dealing with EV technologies, mainly briefing various
technologies in pure EVs, hybrid EVs, or fuel-cell EVs. Because of the multidisciplinary nature of EV
technologies, it is hardly possible to embrace all of them in a single book without sacrificing the latest
developments or in-depth discussions. In recent years, some books have begun to deal with specific EV
technologies, such as electric propulsion, hybrid propulsion, batteries, and fuel cells. Although many EV
machines and drives have been widely published as papers in learned journals, a book comprehensively
discussing them is highly desirable. In fact, such advancement of machines and drives is beneficial to the
whole EV trio —namely the pure, hybrid, and fuel-cell EVs.

The purpose of this book is to provide a comprehensive discussion on machines and drives for pure
electric, hybrid, and fuel-cell vehicles, including both electric propulsion and hybrid propulsion. The cor-
responding motor drives for electric propulsion range from the existing types, namely the DC, induction,
permanent magnet (PM) brushless, and switched reluctance motor drives, to the advanced types, namely
the stator-PM, magnetic-geared, vernier PM, and advanced magnetless motor drives. The corresponding
machine systems for hybrid propulsion cover the existing types, namely the integrated-starter-generator
and planetary-geared electric variable transmission (EVT) systems, and the advanced types, namely the
double-rotor EVT and magnetic-geared EVT systems. Meanwhile, emphasis is given to the design crite-
ria, performance analyses, and application examples or potentials of various motor drives and machine
systems. It is anticipated that various EVs will adopt different machines and drives, and this book will be
a key reference for researchers, engineers, and administrators who need to make such decisions.

While EVs are the driving force for a better environment, my family is the driving power for my work
on EVs. Especially, I would like to take this chance to express my heartfelt gratitude to my son, Aten
Man-Ho, and my wife, Joan Wai-Yi, for their hearty support all the way.

K.T. Chau
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Organization of This Book

This book provides a comprehensive knowledge of electric vehicle (EV) machines and drives, includ-
ing latest developments and in-depth discussions. It is written for a wide coverage of readers including
students, researchers, engineers, administrators, and general readers, and is organized into two themes:

e The first theme is the knowledge of various electric motor drives for EVs, including pure electric and
fuel-cell vehicles. It is composed of eight chapters in which Chapters 2-5 deal with those available
motor drives for existing EVs, while Chapters 69 discuss those advanced motor drives for future EVs.

e The second theme is the knowledge of various electric machine systems for hybrid electric vehicles
(HEVs). It consists of four chapters in which Chapters 10 and 11 describe those available machine
systems for existing HEVs, while Chapters 12 and 13 elaborate those advanced machine systems for
future HEVs.

In this book, there are in total 13 chapters. Each chapter has different numbers of sections and subsec-
tions. In order to facilitate selection of reading, all chapters are outlined below:

e Chapter 1 gives an introduction of EVs, including the classification of EVs, overview of EV challenges,
and overview of various technologies developed for EVs.

e Chapter 2 is devoted to discussing DC motor drives for EVs, including their system configurations,
DC machines, DC-DC converters, and control strategies. The corresponding design criteria, design
examples, and application examples are also mentioned.

e Chapter 3 is devoted to discussing induction motor drives for EVs, including their system configura-
tions, induction machines, power inverters, and control strategies. The corresponding design criteria,
design examples, and application examples are also discussed.

e Chapter 4 is devoted to discussing permanent magnet (PM) brushless motor drives for EVs, covering
both the PM synchronous and PM brushless DC types. Their PM materials, system configurations, PM
brushless machines, power inverters, and control strategies are described. The corresponding design
criteria, design examples, and application examples are also discussed.

e Chapter 5 is devoted to discussing switched reluctance (SR) motor drives for EVs, including their
system configurations, SR machines, SR converters, and control strategies. The corresponding design
criteria, design examples, and application examples are also discussed.

e Chapter 6 discusses various stator-PM motor drives for EVs, embracing the doubly-salient PM,
flux-reversal PM, flux-switching PM, hybrid-excited PM, and flux-mnemonic PM types. The
corresponding design criteria, design examples, and potential applications are also given.

e Chapter 7 discusses magnetic-geared (MG) motor drives for EVs, including their system configura-
tions, magnetic gears, MG machines, power inverters, and control strategies. The corresponding design
criteria, design examples, and potential applications are also given.



xvi Organization of This Book

o Chapter 8 discusses vernier PM motor drives for EVs, including their system configurations, vernier PM
machines, power inverters, and control strategies. The corresponding design criteria, design examples,
and potential applications are also given.

e Chapter 9 discusses various advanced magnetless motor drives for EVs, covering the synchronous
reluctance, doubly-salient DC, flux-switching DC, vernier reluctance, doubly-fed vernier reluctance,
and axial-flux magnetless types. The corresponding design criteria, design examples, and potential
applications are also given.

e Chapter 10 describes integrated-starter-generator systems for HEVs, including their system configura-
tions, machine structures, and operation modes. The corresponding design criteria, design examples,
and application examples are also discussed.

e Chapter 11 describes planetary-geared electric variable transmission systems for HEVs, includ-
ing the system configurations and planetary gears as well as the input-split and compound-split
planetary-geared types. The corresponding design criteria, design example, and application examples
are also mentioned.

e Chapter 12 describes double-rotor electric variable transmission systems for HEVs, including the sys-
tem configurations and double-rotor machines as well as the basic and advanced double-rotor types.
The corresponding design criteria, design example, and potential applications are also mentioned.

e Chapter 13 describes MG electric variable transmission systems for HEVs, including the system
configurations and multi-port magnetic gears as well as the magnetic planetary-geared and magnetic
concentric-geared types. The corresponding design criteria, design example, and potential applications
are also briefed.

Readers have the flexibility of reading those chapters that are most interesting to them. The suggestion
for reading is as follows:

e Undergraduate students taking a course dedicated to EV technologies may be particularly interested in
Chapters 1-5 as well as Chapters 10 and 11.

e Postgraduate students taking a course dedicated to advanced EV technologies may be interested in all
chapters.

e Researchers in the area of EV machines and drives may be interested in all chapters. Particularly, they
may have special interest in Chapters 6-9 as well as Chapters 12 and 13, which involve newly explored
research topics.

e Practicing engineers for product design and development may be more interested in Chapters 6-9 as
well as Chapters 12 and 13 in which new ideas can be triggered and commercial products can be derived.

e Administrators and general readers may be interested in all chapters. They are advised to read the book
from the beginning to the end, page by page, which is most enjoyable.
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1

Introduction

With ever-increasing concern on energy diversification, energy efficiency, and environmental protection,
electric vehicles (EVs), including pure electric vehicle (PEV), hybrid electric vehicle (HEV), and fuel-cell
electric vehicle (FEV) are becoming attractive for road transportation. Although some of them have
become commercially available, there are many challenges and hence opportunities for EV research and
development.

In this chapter, the classification of EVs is discussed. Then, an overview of EV challenges is given.
Consequently, an overview of various technologies developed for EVs is brought forward.

1.1 What Is an Electric Vehicle?

EVs are nothing new; they were invented 178 years ago but lost the competition for dominance to inter-
nal combustion engine vehicles (ICEVs). Actually, the first EV was a battery-powered tricycle built by
Thomas Davenport in 1834 (Wakefield, 1994). In 1900, among an annual sale of 4200 automobiles in the
US, 38% were EVs, 22% ICEVs, and 40% steam-powered vehicles. At that time, EVs were the preferred
road transportation among the wealthy elite. Their cost was equivalent to a Rolls Royce of today. A man
with an idea that finished off the EVs for good was Ford. His mass-produced Ford Model T could offer
arange double or triple that of the EVs but at only a fraction of their cost. By the 1930s, the EVs almost
vanished from the scene. The rekindling of interests in EVs started at the outbreak of the energy crisis and
oil shortage in the 1970s. Owing to the growing concern over air quality and the possible consequences
of the greenhouse effect in the 1980s, the pace of EV development was accelerated.

In general, EVs are classified as the PEV, HEV, and FEV types on the basis of their energy sources
and the propulsion devices (Chan and Chau, 2001; Chau, 2010, 2014). In essence, the PEV is purely fed
from electricity, while the propulsion is solely driven by the electric motor; the HEV is sourced from both
electricity and gasoline/diesel, while the propulsion involves both the electric motor and engine; and the
FEV is directly or indirectly sourced from hydrogen, while the propulsion is solely driven by the electric
motor. Moreover, in order to distinguish the refueling means, the HEV can be further categorized into the
conventional HEV and the gridable HEV. The conventional one is solely refueled with gasoline/diesel in
filling stations, whereas the gridable one can be recharged by electricity via charging ports. On the basis of
the hybridization level and the operation feature between the electric motor and engine, the conventional
HEV can be further split into the micro HEV, mild HEV, and full HEV. Meanwhile, on the basis of the
coordination between the electric motor and engine, the gridable HEV can be further split into the plug-in
hybrid electric vehicle (PHEV) and range-extended electric vehicle (REV). This classification is depicted
in Figure 1.1.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 1.2 Energy diversification of EVs

Deriving from crude oil, the gasoline and diesel are the major liquid fuels for ICEVs. EVs are an
excellent solution to rectify this unhealthy dependence because electricity can be generated by almost
all kinds of energy resources. Figure 1.2 illustrates the merit of energy diversification due to the use of
EVs in which electricity can be produced by thermal power (oil, natural gas, and coal), nuclear power,
hydropower, wind power, solar power, oceanic power, geothermal power, and biomass power. In order
to compare the overall energy efficiency of EVs with that of ICEVs, their energy conversion processes
from crude oil to road load are depicted in Figure 1.3, indicating that EVs are more energy efficient than
ICEVs. Moreover, EVs can recover the kinetic energy during braking and utilize it for battery recharging,
whereas ICEVs wastefully dissipate this kinetic energy as heat in the brake discs. With this regenerative
braking technology, the energy efficiency of EVs can be further boosted by up to 10%.

In many metropolises, ICEVs are responsible for more than 50% of harmful air pollutants and
smog-forming compounds. To reduce air pollution from road transportation, the use of EVs is the
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most viable choice. Definitely, most EVs offer zero roadside emissions. Even taking into account the
emissions from refineries to produce gasoline for ICEVs and the emissions from power plants to generate
electricity for EVs, the overall harmful emissions of EVs are still much lower than those of ICEVs as
indicated in Figure 1.4, where carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NO,), sulfur
oxides (SO,), and particulate matters (PM,) are taken into account (Chau, 2010). It should be noted
that the overall carbon dioxide (CO,) emission can also be reduced by about 5% with the use of EVs
and energy-efficient power plants. This improvement may be further increased when incorporating with
higher percentages of clean or renewable power generation, but may even be negative when adopting
inefficient coal-fired power plants.

Currently, the conventional HEV has been commercially available and widely accepted as an
energy-efficient and environment-friendly vehicle, while the PEV is becoming commercially available

and tagged with a zero-emission label. Nevertheless, there are many challenges and opportunities for EV
research and development.

1.2 Overview of EV Challenges

There are different types of EVs, including the PEV, conventional HEV, PHEV, REV, and FEV. These
EVs can be grouped into the PEV, HEV, gridable HEV, and FEV for discussion, with emphasis on their
challenges (Chau, 2012).



4 Electric Vehicle Machines and Drives

1.2.1 Pure Electric Vehicle

The PEV, loosely termed the EV, offers the definite advantages of zero roadside emissions and minimum
overall emissions (taking into account the emissions due to electricity generation by power plants). Its
major challenges are limited driving range, high initial cost, and lack of charging infrastructure.

Currently, the PEV relies on using batteries as their sole or major energy storage device to store elec-
tricity even though there is an option to use ultracapacitors as the sole energy storage device. Thus, the
PEV is sometimes named as the battery electric vehicle (BEV). At the present status of battery technol-
ogy, the energy storage capacity of PEVs is far less than that of ICEVs. Typically, for a passenger car
under urban driving with air-conditioning, a PEV can travel about 120 km per charge, whereas an ICEV
can offer about 500 km per refuel. With such a short driving range per charge, the PEV will suffer from
the problem of range anxiety. That is, the PEV driver dare not utilize the remaining capacity such as 20%
to travel a trip of 24 km. It should be noted that some PEV models purposely install three to four times
the battery capacity to enable their driving range comparable with that of ICEVs, hence solving the short
range and range anxiety problems. Of course, these PEV models will be two to three times more expensive
than general PEVs, which are actually not targeted for general buyers.

With similar performance, a general PEV is two to four times more expensive than an ICEV. Such high
initial cost is because a large number of batteries are necessary to provide a reasonable driving range per
charge. Typically, the battery cost accounts for 30-40% of the overall PEV cost. Moreover, the battery
life can generally last for about 1500 cycles, which is equivalent to about 45 years of vehicle operation,
indicating that all batteries of the PEV need to be renewed in the midway of the vehicle life. Thus, the
effective cost of the PEV is further higher than the initial cost.

Differing from the ICEV, the PEV takes time for battery charging. The corresponding charging period
normally ranges from 5 to 8hours based on a battery charger with the specifications of 110-240V,
13-40 A, and 2-4 kW. This charging period is too long for the PEV to provide continuous operation.
When adopting the fast or quick charging technique, it takes about 20-30 minutes to charge the batter-
ies up to 80% capacity based on a battery charger with the specifications of 200400V, 100-200 A, and
50kW. Although this charging speed is acceptable for continuous vehicular operation, the installation
cost and establishment cost of these fast charging stations are very high. Since the power demand for
fast charging is high, the fast charging process inevitably causes burden to our existing power system,
which violates the merit of using the PEV for load leveling or demand side management. In case the
PEV allows for battery swapping, namely replacing the discharged batteries with the fully charged ones
using mechanical means, it takes only a few minutes to mechanically charge up the batteries. Although
the time required for battery swapping is comparable to that for gas refueling, the necessary space for
each swapping station is much larger. Practically, it involves two implementation challenges: the battery
size and location inside the PEV have to be standardized and the single ownership of all batteries needs a
new business model.

1.2.2  Hybrid Electric Vehicle

The HEV, loosely termed the hybrid vehicle, refers to the conventional or nongridable version (Chau and
Wong, 2002). For the micro HEV, the conventional starter motor is eliminated, while the conventional
generator is replaced by an integrated starter-generator (ISG). Instead of propelling the vehicle, the ISG
offers two important hybrid features. One feature is to shut down the engine whenever the vehicle is at
rest, the so-called idle stop-start feature, hence improving the fuel economy for urban driving. Another
feature is to recharge the battery primarily during vehicle deceleration or braking, thus offering a mild
amount of regenerative braking. For the mild HEV, the ISG is generally placed between the engine and the
transmission. This ISG not only provides the hybrid features of idle stop-start and regenerative braking
but also assists the engine to propel the vehicle, thus allowing for a downsized engine (Liu, Chau, and
Jiang, 2010a). However, since the engine and the ISG share the same shaft, it cannot offer electric launch
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(initial acceleration under electric power only). For the full HEV, the key technology is the electric variable
transmission (EVT) system, which mainly functions to perform power splitting. This EVT can offer all
hybrid features, including the electric launch, idle stop-start, regenerative braking, and engine downsizing.

Compared with the PEV, the HEV can offer a comparable driving range of the ICEV and use the existing
refueling infrastructure of the ICEV, but sacrificing the merits of zero roadside emissions and energy
diversification. Its key challenges are how to reduce the system complexity that involves both an electric
motor and an engine for propulsion and how to coordinate these two propulsion devices to achieve optimal
efficiency operation (Chau and Wong, 2002). The turning point of HEV development was the advent of
Toyota Prius in 1997 (Hermance and Sasaki, 1998), which initially adopted the EVT system. The key is to
employ a planetary gear for power splitting of the engine output power, one via the ring gear to the driveline
shaft while one via the sun gear to the generator, then back-to-back converters, motor, and finally the
driveline shaft. Hence, under varying road load, the engine can always operate at its most energy-efficient
or optimal operation line (OOL), resulting in a considerable reduction in fuel consumption. However, this
EVT system suffers from the reliance on planetary gearing, which involves transmission loss, gear noise,
and regular lubrication. In addition, the overall system is relatively heavy and bulky.

1.2.3 Gridable Hybrid Electric Vehicle

The term “gridable” means that the vehicle can be directly connected to the power grid. Therefore, the
gridable HEV refers to the vehicles that have gridable capability and HEV features, namely the PHEV
and REV. The PHEV is extended from the conventional HEV by incorporating the additional feature of
plug-in rechargeable. Since it incorporates a larger bank of batteries that can be recharged by plugging
into an external charging port, it can offer a longer electric drive range and hence reduce the requirement
of refueling from gas stations. On the other hand, the REV is extended from the PEV by incorporating a
small engine coupled with a generator to recharge the battery bank. This avoids the range anxiety problem
that is always associated with the PEV. Therefore, it can offer energy-efficient operation throughout its
electric drive range and hence significantly reduce refueling from gas stations. Although the PHEV and
REV are both a HEV and have similar electric motor and battery ratings, they have different nominal
operations. The PHEV generally operates in the blended mode in which the electric motor and the engine
are coordinated to work together in such a way that the engine can maintain efficient operation, hence
achieving high fuel economy. If necessary, it can operate in the pure-electric mode. In contrast, the REV
generally operates in the pure-electric mode all the way, regardless of the driving range or profile. Until
the battery pack is depleted to the threshold, it can operate in the extended mode that the engine is turned
on, which then drives the generator to produce the desired electricity.

The key challenges of the gridable HEV are the system complexity and high initial cost. Its system
complexity is similar to that of the conventional HEV, mainly because of the use of both the electric
motor and engine. Differing from the conventional HEV, it needs to install the on-board charger to plug
in the power grid for battery charging. Its initial cost is much higher than that of the conventional HEV
because of the use of a large number of batteries for the pure-electric mode. Of course, when the PHEV
operates at the blended mode or the REV operates at the extended mode, they lose the merit of zero
roadside emissions.

1.2.4 Fuel-Cell Electric Vehicle

The FEV, loosely termed the fuel-cell vehicle, offers the same advantages as the PEV, namely, zero
roadside emissions and minimum overall emissions (taking into account the emissions due to hydrogen
production by chemical plants or an on-board reformer). In addition, it can offer a driving range com-
parable to that of the ICEV. Its major challenges are the high initial cost and lack of hydrogen refueling
infrastructure. The high initial cost is because of the use of expensive fuel cells. Hydrogen refueling
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infrastructure is generally absent in our society, and the establishment of such an infrastructure involves a
huge investment cost. There are three practical ways to store hydrogen in the FEV: the compressed hydro-
gen gas (CHG), liquid hydrogen (LH), and metal hydride (MH). When adopting the CHG (a pressure of
about 350-700 bar) for the FEV, the infrastructure is similar to that of compressed natural gas (a pres-
sure of about 200-248 bar) for some alternative fuel vehicles. When adopting the LH, the infrastructure
is very demanding since the hydrogen needs to be cooled to about —253 °C while still pressurized. This
requires cryogenic storage technology, which is even more severe than liquid oxygen. When adopting the
MH, it needs to have a similar infrastructure as battery swapping to mechanically replace the discharged
MH with the fully charged MH. In addition, it requires more energy for providing necessary temperatures
(120-200 °C) to discharge the hydrogen and necessary pressure (over 700 bar) to recharge the hydrogen.
Both the CHG and LH enjoy the merit of high specific energy (good energy density by weight), which is
desirable for the FEV, but also face the same safety concern, which can be an explosion hazard. Mean-
while, the MH takes the merit of safety, which is essential for the FEV, but suffers from the problem of
low specific energy, which deteriorates the driving range.

In the coming future, the commercialization of the FEV depends on whether there will be a break-
through in fuel-cell technology in terms of cost per kilowatt and whether there will be a mandate or
energy policy to establish the hydrogen refueling infrastructure.

1.3 Overview of EV Technologies

An overview of key technologies for various types of EVs is presented, with emphasis on their emerging
research activities. Among them, the motor drive technology is most actively developed in recent years
where there are many innovations and advancements in the design, analysis, and control of motor drives.
The energy source technology is also actively developed in recent years. Nevertheless, there is no real
breakthrough in the battery technology, especially aspiring the simultaneous possession of low initial
cost and high specific energy. Rather than waiting for a breakthrough in battery technology, the battery
charging technology is being actively developed. Particularly, the concept of move-and-charge (MAC) for
battery charging using wireless power transfer (WPT) is promising to fundamentally solve the long-term
shortcomings of EVs. Moreover, in order to promote the advantage of EVs to justify their high initial cost,
the vehicle-to-grid (V2G) technology is being actively researched, which can expand the role or function
of EVs to increase their cost effectiveness.

1.3.1 Motor Drive Technology

Motor drives are the core technology for EVs that convert the on-board electrical energy to the desired
mechanical motion. Meanwhile, electric machines are the key element of motor drive technology. The
requirements of electric machines for EVs are much more demanding than that for industrial applications.
These requirements are summarized as follows (Zhu and Howe, 2007; Chau, 2009):

High torque density and high power density

Wide speed range, covering low-speed creeping and high-speed cruising
High efficiency over wide torque and speed ranges

Wide constant-power operating capability

High torque capability for electric launch and hill climbing

High intermittent overload capability for overtaking

High reliability and robustness for vehicular environment

Low acoustic noise

Reasonable cost
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When the electric machine needs to work with the engine for various HEVs, there are some additional
requirements:

e High-efficiency power generation over a wide speed range
e Good voltage regulation over wide speed generation
e Capable of being integrated with the engine

Figure 1.5 shows the classification of electric machines for EVs in which the bold types are those that
have been applied to EVs, including the series DC, shunt DC, separately excited DC, permanent mag-
net (PM) DC, cage-rotor induction, PM brushless AC (BLAC), PM brushless DC (BLDC), and switched
reluctance (SR) machines. Basically, EV machines are classified into two main groups: commutator and
commutatorless. The former simply denotes that they have a commutator and carbon brushes, while the
latter have neither commutator nor carbon brushes. It should be noted that the trend is focused on devel-
oping new types of commutatorless or brushless machines (Chau, Chan, and Liu, 2008), especially the
class of doubly salient machines and the class of vernier machines.

The key feature of doubly salient machines is the presence of salient poles in both the stator and rotor.
The SR machine is a kind of doubly salient machines having the simplest structure. When incorporat-
ing PMs in the stator of doubly salient machines, a new class of PM brushless machines is resulted —the
stator-PM machine (Liu et al., 2008). Since the rotor has neither PMs nor windings, this class of machines
is mechanically simple and robust, hence very suitable for vehicular operation. According to the loca-
tion of the PMs, it can be split into doubly salient permanent magnet (DSPM), flux-reversal permanent
magnet (FRPM), and flux-switching permanent magnet (FSPM) machines. Additionally, with the inclu-
sion of independent field windings in the stator for flux control, the class can be further split into the
flux-controllable (FC) types — the FC-DSPM, FC-FRPM, and FC-FSPM. Furthermore, when the PM poles
are replaced with DC field windings aiming to get rid of those expensive PM materials and provide flex-
ible flux control, the resulting doubly salient DC (DSDC), flux-reversal DC (FRDC), and flux-switching
DC (FSDC) machines are emerging types of advanced magnetless machines.

The key feature of vernier machines is the use of vernier effect to amplify the output torque while step-
ping down the speed, leading to be a class of brushless machines dedicated to low-speed high-torque
direct-drive application. There are two main classes of vernier machines: vernier permanent magnet
(VPM) and vernier reluctance (VR). There are three types of VPM machines depending on the location

EV machines
Commutator Commutatorless
DC Induction Synchronous Doubly-salient Vernier
[ | I I I I I I I I I [ |
Wound PM Wound Cage Wound PM Reluctance Stator- Vernier Vernier
field  field rotor rotor rotor  rotor rotor PM PM  reluctance
i Separately PM PM  pspMm FC-DSPM
Series § " : ; £
R, O it BLAC BLDC  FRPM FC-FRPM

FSPM FC-FSPM

Figure 1.5 Classification of EV machines
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of PMs: the rotor-PM type with all PMs mounted on the rotor, the stator-PM type with all PMs mounted
on the stator, and the all-PM type with PMs mounted on both the rotor and stator. As the rotor-PM VPM
machine is most mature, it is loosely called as the VPM machine (Li, Chau, and Li, 2011). The stator-PM
VPM machine is commonly termed the vernier hybrid machine (Spooner and Haydock, 2003). On the
other hand, the VR machine is structurally similar to the SR machine, but they operate differently. In
essence, the VR machine is fed by three-phase sinusoidal currents to produce the rotating magnetic field,
and the rotor runs synchronously at a fraction of the speed of this rotating field (Lee, 1963). Because of
its inherently low power factor, an additional supply can be incorporated to feed an additional field wind-
ing in the stator of the VR machine, thus resulting in the doubly fed vernier reluctance (DFVR) machine
(Taibi, Tounzi, and Piriou, 2006). This additional field winding can be fed by AC or DC current, leading
to further create the vernier reluctance AC (VRAC) and vernier reluctance DC (VRDC) machine. The VR
and DFVR machines are also classified as emerging types of advanced magnetless machines.

All EV machine topologies developed for the conventional radial-flux morphology can readily be
extended to other morphologies such as the axial-flux morphology (Lee, Liu, and Chau, 2014), linear-flux
morphology (Du et al., 2011), and transverse-flux morphology (Wang et al., 2008). The axial-flux mor-
phology takes the advantages of higher power density and higher torque density than its radial-flux
counterpart, but suffers from the problem of large axial force exerted on the stator by the rotor and limited
to pancake shape. As the linear-flux morphology functions to provide linear motion, it is less attractive
for EV propulsion. Although the transverse-flux morphology can offer the highest torque density, the
corresponding machine structure is very complicated, which limits its manufacturability and practicality
for EVs.

Apart from developing EV motor drives for pure electric propulsion, namely for the PEV and FEV,
the technological development of EV machines has been extended to hybrid propulsion for HEVs. As
depicted in Figure 1.6, there are two main machine systems for hybrid propulsion: the ISG system for the
micro and mild hybrids and the EVT system for the full hybrid (Chau and Chan, 2007). The ISG system
needs to offer not only the conventional features of engine cranking and electricity generation, but also the
hybrid features of idle stop-start, regenerative braking, and power assistance. Therefore, the correspond-
ing machine design, analysis, and control are very demanding (Liu, Chau, and Jiang, 2010a). The EVT
functions to offer electrically controllable power transfer from the engine to the wheels with continuously
variable transmission, hence providing all hybrid features including the electric launch, idle stop-start,
regenerative braking, and power assistance, as well as achieving the highest fuel economy. There are three
main types of EVT systems: the planetary-geared electric variable transmission (PG EVT), double-rotor
electric variable transmission (DR EVT), and magnetic-geared electric variable transmission (MG EVT).
The PG EVT system is almost exclusively used for the commercially available full hybrid, which was
first developed by Toyota for its Prius (Kamiya, 2006). However, this PG EVT system inherits the fun-
damental drawbacks of planetary gearing, namely the transmission loss, gear noise, and need for regular
lubrication. In recent years, the concept of double-rotor machines has been developed, which can be used
to supersede the planetary gearing, hence forming the gearless DR EVT system (Hoeijmakers and Fer-
reira, 2006). However, this DR EVT system needs to employ slip rings and carbon brushes to extract the
energy from the inner rotor, which suffers from the reliability concern and need for regular maintenance.

HEVs
|
| | |
Micro Mild Full
|
| | |
ISG ISG PG EVT DREVT MGEVT

Figure 1.6 EV machine systems for HEVs
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Meanwhile, by replacing the planetary gearing with magnetic gearing, the resulting MG EVT system can
inherit the distinct advantages of magnetic gearing, namely, the high transmission efficiency, silent oper-
ation, and no maintenance, while avoiding the use of slip rings and carbon brushes (Jian and Chau, 2009,
2010). Nevertheless, this pseudo-gearless and brushless EVT system exhibits a complicated structure, and
the required precision for manufacture is demanding.

1.3.2  Energy Source Technology

Energy sources are another core technology that provides on-board electrical energy for EVs. Currently,
over the last two decades, there are four viable EV energy sources: electrochemical batteries (normally
termed batteries), ultracapacitors (also called supercapacitors), ultrahigh-speed flywheels, and fuel cells
(Chau, Wong, and Chan, 1999). The batteries are electrochemical devices that store electrical energy dur-
ing charging and produce electricity during discharging. The ultracapacitors are essentially capacitors with
ultrahigh capacitances that store and produce electrical energy by electrostatic means. The ultrahigh-speed
flywheels are essentially electric machines spinning at ultrahigh speeds that store and produce electrical
energy by electromechanical means, that is, they work as motors during charging and serve as genera-
tors during discharging. The fuel cells are electrochemical devices that directly convert chemical fuels into
electricity. None of them can simultaneously offer high specific energy and high specific power, analogous
to none of athletes can simultaneously be suitable for marathon running and 100-m sprint. Thus, a com-
promise between these two parameters or a hybridization of two energy sources (one with high specific
energy and another with high specific power) is necessary for the PEV or FEV (Chau and Wong, 2001).

In the foreseeable future, batteries are still the major energy source for EVs. Table 1.1 lists the
major types of batteries that have been developed for EVs over the past two decades, including
valve-regulated lead acid (VRLA), nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), zinc/air
(Zn/air), sodium/sulfur (Na/S), and lithium-ion (Li-ion). Among them, VRLA is accepted for low-cost
low-end EVs, Ni-MH is preferred for well-performed EVs, and Li-ion is attractive for high-performance
EVs. At the present status of battery technology, the PEV can only offer acceptable driving range with
affordable price. In order to enable the PEV offering comparable price and driving range as the ICEV, the
battery specific energy and cycle life need to be greatly increased, whereas the battery initial cost needs
to be significantly reduced. Currently, the main research on battery technology is being focused on the
development of various Li-ion batteries, such as the use of lithium nickel manganese cobalt (NMC) for
the positive electrode to improve the specific energy and safety (Omar et al., 2012), and the use of lithium
titanate (Li,Ti5;O,,) for the negative electrode to improve the cycle life and charging time (Giuliano,
Advani, and Prasad, 2011). Meanwhile, another key research direction is to develop lithium/air (Li/air)
battery (Christensen et al., 2012) and lithium/sulfur (Li/S) battery (Zhang, 2013) to significantly improve
the specific energy.

The ultracapacitor technology is promising for EVs since it offers exceptionally high specific power
and practically unlimited cycle life. Nevertheless, the ultracapacitor needs significant improvement before

Table 1.1 Major batteries developed for EVs

Specific Specific Cycle life Cost
energy (Wh/kg) power (W/kg) (cycles) (USD/kWh)
VRLA 30-45 200-300 400-600 150
Ni-Cd 40-60 150-350 600-1200 300
Ni-MH 60-120 150-400 600-1200 200-350
Zn/air 230 105 NA 90-120
Na/S 100 200 800 250-450

Li-ion 90-160 250-450 1200-2000 600-1000
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practically applicable as the sole energy source for EVs—its specific energy (5-6 Wh/kg) needs to be
greatly increased while its initial cost (2400-6000 USD/kWh) has to be greatly reduced. Current research
on ultracapacitor technology is being focused on the improvement of its specific energy, such as the use
of graphene (Liu et al., 2010b) and carbon nanotubes (Du and Pan, 2006) to increase the usable surface
area and hence the energy storage capacity.

The ultrahigh-speed flywheel technology exhibits potentiality for EVs. By providing vacuum environ-
ment to remove air friction and magnetic bearings to eliminate bearing loss, the flywheel can spin up to
60 000 rpm so as to achieve high specific energy and high round-trip efficiency. However, it suffers from
the problem of safety concern. When the tensile strength of a flywheel is exceeded or the flywheel is acci-
dentally damaged, the flywheel shatters and instantaneously releases all of its stored energy — the so-called
flywheel explosion, which is very dangerous. Current research on ultrahigh-speed flywheel technology is
focused on improving its safety precaution such as the use of composite materials, which can disintegrate
into tiny powder rather than large chunks, or extending its application to energy storage for EV charging
stations where the whole flywheel is embedded in the ground (Strasik et al., 2007).

The fuel-cell technology is one of the most active research areas in recent years. Table 1.2 lists the
leading types of fuel cells, including the direct methanol fuel cell (DMFC), alkaline fuel cell (AFC),
proton exchange membrane fuel cell (PEMFC), phosphate acid fuel cell (PAFC), molten carbonate fuel
cell (MCFC), and solid oxide fuel cell (SOFC). Among them, the PEMFC, which is also called the
solid polymer fuel cell (SPFC), is a natural choice for the FEV because of its solid electrolyte nature,
low-temperature operation, quick start-up, proper power level, high power density, and good system effi-
ciency. In order to enable the FEV offering affordable price, the fuel-cell initial cost (about 4800 USD/kW)
has to be dramatically reduced. Current research on fuel-cell technology is being focused on the reduc-
tion of platinum usage for the PEMFC, which requires such noble metals as the electrocatalyst (Martin,
Garcia-Ybarra, and Castillo, 2010), and the reduction of operating temperature for the SOFC, which does
not desire noble metals as the electrocatalyst (Wang et al., 2011).

Recently, the concept of on-board renewable energy sources has been attractive for EVs. Since the fuel
efficiency of the engine for various HEVs is only around 25% and about 40% is lost in the form of waste
heat of exhaust gas, a thermoelectric generator (TEG) can be mounted at the exhaust pipe to recover the
waste heat energy and help charge the batteries (Yu and Chau, 2009). On the other hand, by mounting
a solar panel on the roof of EVs, the photovoltaic generator (PVG) can readily collect renewable solar
energy and utilize it to charge the batteries. In general, the TEG and PVG are separately operated, even
though they are installed in the same HEV, resulting in higher cost, heavier weight, and larger volume.
Therefore, the thermoelectric-photovoltaic (TE-PV) hybrid energy system is promising for application to
HEVs. Figure 1.7 shows the system configuration of this TE-PV hybrid energy system, which is composed
of the TEG, PVG, maximum power point tracking (MPPT) controller, multiple-input converter (MIC),
and battery. The MIC can be a SEPIC-SEPIC converter (Zhang and Chau, 2011a) or a Cuk—Cuk converter
(Zhang and Chau, 2011b). The SEPIC-SEPIC MIC operating in discontinuous capacitor voltage mode
is shown in Figure 1.8. The MPPT controller measures the output voltages and currents of the TEG and

Table 1.2 Viable fuel cells

Power Power density Operating System
level (MW) (W/cm?) temperature (°C) efficiency (%)
DMFC <0.001 0.04-0.23 90-120 10-20
AFC <0.1 0.2-0.3 60-100 62
PEMFC <0.5 0.35-0.6 50-120 30-50
PAFC <10 0.2-0.25 150-200 40
MCFC <100 0.1-0.2 600-650 47

SOFC <100 0.24-0.3 500-1100 55-60
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PVG, which exhibit nonlinear characteristics at different temperatures and irradiances, respectively, and
then generates proper switching signals to the MIC in such a way that the total output power can be
maximized.

1.3.3  Battery Charging Technology

In recent years, many researchers have proposed various methods to alleviate the short driving range per
charge of the PEV, focusing on the development of more convenient chargers. Rather than simply build-
ing more charging stations and adopting faster battery chargers, which are analogous to gas stations and
powerful pumps, the use of WPT for battery charging can greatly facilitate the charging process. Increas-
ingly, because of the absence of metallic contacts, possible electrocution during the charging process can
be totally eliminated, which can enable EVs outperforming ICEVs in terms of user safety for self-service
recharging or refueling.

There are two main categories of WPT: the far-field and near-field (Qiu et al., 2014a). The far-field
WPT makes use of microwave radiation or laser to transfer high power over long distances. However,
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it requires complicated tracking strategies and large antennas, which are impractical for EV application.
The near-field WPT makes use of electric field or magnetic field for short-range to mid-range power
transfer. By using electric field, the capacitive power transfer (CPT) technology takes the advantages
that the power transfer is unaffected by metal barriers and causes lower electromagnetic interference
(EMI) than the magnetic-field counterpart. However, as the permittivity of air is intrinsically small, it
results in inadequate coupling capacitance, so that the power transfer is sensitive to the air-gap length and
displacement of coupling plates (Theodoridis, 2012). In addition, since the magnetics involved cannot be
scaled down with decreasing power, this CPT technology is advantageous only for low-cost low-power
application, and not preferable for EV application (Musavi and Eberle, 2014). On the other hand, by using
the magnetic field, the inductive power transfer (IPT) technology can transfer tens of kilowatts, while the
magnetic resonant coupling (MRC) technology can extend the air-gap range to tens of centimeters. Thus,
the magnetic-field WPT technologies have been identified to be most viable for EV battery charging.

The principle of IPT for EV battery charging is shown in Figure 1.9, based on the magnetic coupling
between two coils of a high-frequency transformer. One of the coils is installed in the charger coupler,
while the other is embedded in the vehicle inlet. Firstly, the main AC supply with a frequency of 50
or 60 Hz is rectified and converted to a high-frequency AC power of about 80 kHz within the charger
module, then the high-frequency AC power is transferred to the PEV side by induction, and finally this
high-frequency AC power is converted into DC power for battery charging. This IPT can operate over a
wide frequency range and can readily be scaled up to meet various power levels for EV charging. However,
the corresponding core losses and EMI are of concern. For instance, a well-known but obsolete IPT-based
EV charger, Magne Charge, delivered 6.6 kW at an efficiency of 86%.

In order to facilitate the park-and-charge (PAC) process for EVs, the magnetic-field WPT technology
is extended to be plugless, in which the primary coil is installed on the floor of a garage or in a parking
lot and the secondary coil is installed on the vehicle. The driver needs no bothering about those cum-
bersome and dangerous charging cables. This system is very easy to use and the charging process takes
place automatically once the driver parks the EV correctly. This plugless PAC not only increases user
convenience, but also offers a means of overcoming the standardization of charging plugs. Owing to the
existence of a large air-gap or clearance between the primary and secondary coils, the IPT technology
is ill-suited. On the basis of MRC, the primary and secondary resonant coils having the same resonant
frequency can wirelessly transfer power efficiently with high power density, while dissipating relatively
little energy in nonresonant objects such as vehicle bodies or drivers. Increasingly, by incorporating one
or more resonant coils between the primary and secondary coils as depicted in Figure 1.10, a strongly
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coupled magnetic resonance is resulted, which can enable efficient power transfer from the primary coil
to the secondary coil with a large air-gap between the floor and vehicle (Cannon ef al., 2009; Imura and
Hori, 2011). For instance, an on-line electric bus system was demonstrated to transfer 100 kW through
an air-gap of 20 cm with an average system efficiency of 75% (Kim et al., 2013). Latest research and
development of MRC-based WPT are active and diversified, such as improving the system efficiency,
combating the EMI, or compensating the misalignment between magnetic couplers (Qiu et al., 2014b).

Rather than stopping or parking, EVs prefer to be wirelessly charged during moving. An array of power
transmitters is embedded beneath the roadway (the so-called charging zone or lane) while a receiver is
mounted at the bottom of an EV as depicted in Figure 1.11. This MAC technology has high potentiality to
fundamentally solve the long-term problems of the PEV —high initial cost and short driving range. There is
no need to install so many batteries in the PEV, hence dramatically cutting its initial cost; and the PEV can
be conveniently charged at the charging zone during driving, hence automatically extending the driving
range. However, there are some technical problems to be solved before the realistic application of MAC
to EVs. First, the efficiency of WPT heavily depends on the distance between the transmitter of the array
and the receiver of the vehicle. Since this distance is inevitably time varying and significantly affected
by the road condition and vehicle payload, the resonant frequency of WPT is not constant, termed the
resonance shifting. Thus, the power converter that excites the power transmitter needs to be dynamically
tuned to maintain high-efficiency power transfer. Second, the effectiveness of MAC operation heavily
depends on the coverage of WPT as well as the position and speed of vehicles running on the charging
zone. The location of power transmitters needs to be optimized in such a way that the electromagnetic
field intensities at different locations over the charging zone are uniform. Third, most importantly, as there
are many EVs running on the roadway, the MAC operation needs to distinguish which EVs are authorized
to retrieve wireless power or to prevent unauthorized vehicles from stealing the energy.

Rather than avoiding the occurrence of chaos, electric drives have positively utilized the chaotic phe-
nomena for various industrial applications (Chau and Wang, 2011) such as industrial mixing (Ye and
Chau, 2007) and industrial compaction (Wang and Chau, 2009). Extending from the concept of chaotic
modulation (Zhang et al., 2011), the chaotic energy encryption has been developed for EV WPT (Zhang
et al., 2014). The key is to employ chaotic sequence to modulate the resonant frequency for WPT, hence
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encrypting the wireless power transmitted over the roadway. For those authorized vehicles, they know
the chaotic sequence that can be used to decrypt the received power for battery charging, whereas the
unauthorized vehicles cannot retrieve the power even running on the same roadway.

1.3.4  Vehicle-to-Grid Technology

The V2G technology is one of the most emerging system-crossover technologies for gridable EVs, includ-
ing the PEV, PHEV, and REV. It is a crossover of EVs, power system, and information technology. The
gridable EV is no longer a simple transportation means, but serves as a mobile power plant generating
electrical energy to the power grid whenever necessary (Liu et al., 2013). The V2G concept describes a
system in which EVs communicate with the power grid to sell services by delivering electricity into the
grid or by controlling the charging rate for gridable EVs. Since most gridable EVs are parked with an
average of 95% of the time, their batteries can be used to let electricity flow between the vehicles and
the grid. When there is a reasonable penetration rate of gridable EVs (such as 20-40% vehicles are grid-
able EVs) and each gridable EV can store or generate electrical energy of 4.4-85 kWh, the V2G concept
will have a significant impact on power system operation. Economically, the V2G concept will be a new
business, namely, the energy arbitrage between the power utilities and the gridable EV drivers.

Since a gridable EV can only store a limited capacity, from 4.4 kWh (Toyota Prius PHEV) to 85 kWh
(Tesla Model S), an individual V2G operation of each gridable EV with the power grid is ineffective
and inefficient. Therefore, an aggregator is introduced, which is responsible for gathering a number of
gridable EVs and communicating with the power grid. On the basis of the willingness of drivers and the
battery capacity of gridable EVs, the aggregator controls proper gridable EVs to achieve smart charging
and discharging (Guille and Gross, 2009). Moreover, the corresponding energy arbitrage can be per-
formed internally by the aggregator, the so-called vehicle-to-vehicle (V2V) operation. For instance, those
PEVs preferably perform fast charging for instant usage while those PHEVs preferably sell electricity
for profit-making, the aggregator can realize internal V2V operation for energy arbitrage. This dual-grid
framework is depicted in Figure 1.12 in which the energy service provider (ESP) sells power directly
to homes and businesses, the independent system operator (ISO) oversees the operations of a particular
section of the power grid, the regional transmission organization (RTO) integrates the ISOs into larger
operations, and the aggregator functions to aggregate the gridable EVs to deal with the ESP and the
ISO/RTO (Wu, Chau, and Gao, 2010b). Firstly, the aggregator coordinates the intragrid power flow, min-
imizes the total power demand and total power loss, optimizes the voltage deviation and total harmonic
distortion, and calculates prices to maximize the profit of intragrid operation. Secondly, the aggregator
coordinates the intergrid power flow, deals with the ISO/RTO to sell power and energy, deals with the
ESP to buy power and energy, and calculates prices to maximize the profit of intergrid operation.

The V2G operation has been identified to have various potential applications: charging coordination,
peak shaving, active regulation, spinning reserve, motor starting, reactive regulation, and renewable tran-
sients (Ehsani, Falahi, and Lotfifard, 2012). Since the power generation capacity has to match with the
load demand, a large fluctuation of load demand will significantly increase the capital cost and operating
cost of the power system. As shown in Figure 1.13, the V2G operation preferably performs EV battery
charging to absorb or buy electrical energy from the grid during the off-peak period (the so-called coordi-
nated charging), whereas to generate or sell electrical energy to the grid during peak period (the so-called
peak shaving). In addition, the corresponding charging and discharging processes of EVs are much faster
than the shutoff and start-up processes of standby generators (Wu, Chau, and Gao, 2010a). However, at
the present status of battery technology, the EV batteries still suffer from a limited cycle life. Deep dis-
charging of EV batteries for peak shaving will inevitably degrade their life for normal vehicular operation
(Gao et al., 2011).

Since renewable power generations such as wind power and solar power are intermittent in nature, the
use of standby generators to back up the intermittent power outage is expensive, inefficient, and sluggish.
Although the battery energy storage system can provide the desired efficient and fast backup, it is too
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expensive and bulky. The V2G operation can fully utilize the EV batteries to complement the intermittent
outage of power grid with renewables (Gao et al., 2014). Differing from load shaving, the renewable
transients will not cause deep discharging of EV batteries or noticeable degradation of battery life. More-
over, by incorporating superconducting magnetic energy storage (SMES) into V2G operation, the system
dynamic performance for renewable transients can be further improved (Gao et al., 2012).
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Apart from using EV batteries for V2G operation, DC-link capacitors of the off-board bidirectional
EV chargers can be fully utilized to perform reactive power compensation for the power grid. In general,
the DC-link capacitor is sufficient enough to supply reactive power to the grid even without engaging the
EV batteries. Thus, it causes no degradation to the battery life. This feature makes the EV charger very
attractive for V2G reactive regulation (Kisacikoglu, Ozpineci, and Tolbert, 2010; Kesler, Kisacikoglu, and
Tolbert, 2014). Similar to the active regulation, an aggregation of EV chargers is necessary to provide the
desired level of reactive power compensation.
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2

DC Motor Drives

DC motor drives were widely used for electric vehicle (EV) propulsion. Various DC motor drives were
applied to different EVs because of their merits such as technological maturity and control simplicity.
However, they generally suffer from the problems such as lower efficiency and lower power density than
their AC counterparts, and the need for regular maintenance of their carbon brushes and commutator.
Consequently, besides those small or off-road EVs, they are superseded by AC or brushless DC motor
drives for EV propulsion.

In this chapter, various DC motor drives including their system configurations, DC machines, DC-DC
converters, and control strategies are described. The corresponding design criteria, design example, and
application examples for EV propulsion are also discussed.

2.1 System Configurations

The earliest system configuration of DC motor drives for electric propulsion consisted of a mesh of
resistors connected in series and/or in parallel with the DC motor. The motor voltage is equal to the
battery voltage minus the voltage drop across the resistors, and can be varied by using electrome-
chanical contactors to open or short those resistors. Although the rheostatic control is simple and
low cost, it suffers from poor efficiency because a large amount of energy is dissipated as heat in the
resistors. In addition, this rheostatic control cannot offer smooth operation, resulting in discomfort and
jerkiness.

With the rapid development of power electronics, the rheostatic control of DC motor drives is obsolete.
The DC chopper control has been used extensively for DC motor drives because of the advantages such
as smaller size, lighter weight, higher efficiency, and better controllability. Figure 2.1 shows the basic
configuration of DC motor drives in which the DC-DC converter functions to control the armature current
and hence the output torque of the DC machine. In general, the feedback control variable is only the motor
speed, while the armature current feedback is mainly for protection purpose.

For EV propulsion, the DC machine of the DC motor drive usually adopts the high-speed machine
design to achieve high power density. Typically, it spins up to 5000 rpm and hence a fixed gear (FG) is
incorporated to step it down to 1000 rpm for driving the vehicle wheels. In order to provide backward
motoring, such as for parking, the DC machine needs to offer reverse rotation; otherwise, a reverse gear
is incorporated. Of course, reverse rotation of the DC machine is preferable to reverse gearing because
the reverse gear is bulky, inefficient, and complicated. Moreover, there are various choices of DC-DC
converters and DC machines, depending on the desired operation and performance.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 2.1 Basic configuration of DC motor drives

2.2 DC Machines

DC machines were invented by the British scientist William Sturgeon in 1832, and have been in service
for more than a century. Since the advent of AC machines, the role of DC machines for electric propulsion
is phasing out. Nevertheless, some low-end or off-road EVs still adopt DC machines mainly for the sake
of simplicity.

2.2.1 Structure of DC Machines

Figure 2.2 shows the basic structure of a DC machine which mainly consists of the stator, rotor, and
commutator. The stator is the field circuit that incorporates the field winding or permanent magnets (PMs)
to produce magnetic field excitation, whereas the rotor is the armature circuit that installs the armature
winding where the armature current is bidirectional and switched by the commutator via carbon brushes.

Different arrangements of the field and armature circuits create different types of DC machines, hence
providing different torque-speed characteristics (Dubey, 1989). As shown in Figure 2.3, a DC machine
can be classified as separately excited, series, shunt, cumulative compound, differential compound, and
PM types. In the separately excited DC machine, the field and armature circuits are separately fed by
different voltage sources so that their currents are controlled independently. In the shunt DC machine,

Field circuit
Armature circuit

Carbon brush

Commutator

Shaft

Figure 2.2 DC machine exploded diagram
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the field and armature circuits are connected in parallel and fed by the same source so that their currents
are controlled simultaneously. In the series DC machine, the field circuit is connected in series with the
armature circuit so that the field and armature currents are the same, and controlled simultaneously. In
the cumulative compound DC machine, there are two field circuits, where one connected in series and the
other connected in shunt with the armature circuit, while the flux of the series field is in the same direction
as that of the shunt field. Differing from the cumulative compound one, the differential compound DC
machine has the flux of the series field opposing the flux of the shunt field. By replacing the field winding
and pole structure with PMs, the PM DC machine has relatively higher power density and higher efficiency
than the above wound-field types because of the space-saving benefit by PMs and the absence of field
losses. However, since the field excitation in the PM DC machine is uncontrollable, it cannot attain the
operating characteristics with flux control.

Both the wound-field and PM DC machines suffer from the same fundamental problem because of the
use of commutator and carbon brushes. The commutator causes torque ripples and limits the operating
speed, while the carbon brushes are responsible for friction and radio-frequency interference. Moreover,



22 Electric Vehicle Machines and Drives

Figure 2.4 Principle of DC machine rotation

due to wear and tear, it is necessary to have the regular maintenance of the commutator and carbon brushes.
These drawbacks make the DC machines less reliable and unsuitable for maintenance-free operation,
hence limiting their application to modern EVs.

2.2.2  Principle of DC Machines

Figure 2.4 shows a basic two-pole DC machine. The armature circuit consists of a simple single-turn
armature coil that is connected to the DC source via a two-segment commutator and a pair of carbon
brushes. The commutator serves to reverse the direction of current flow through the armature coil so
that the external current always flows in only one direction; meanwhile the carbon brushes enable
electrical conduction between the rotating commutator and the stationary DC source (Ehsani, Gao, and
Emadi, 2009).

When the machine operates as a motor and the corresponding coil plane aligns with the magnetic field,
the force F created on each coil side is simply given by

F =BIL (2.1)

where B is the magnetic flux density produced by the field circuit in the stator, / is the magnitude of
armature current, and L is the axial length of the armature coil in the rotor. Hence, the developed torque
can be expressed as

T = FDcos 6 2.2)

where D is the diameter of the armature coil or equivalently the rotor and 6 is the angle between the
coil plane and the magnetic field. In order to produce the maximum torque, the armature coil should be
energized at the position # = 0°. In practice, more commutator segments and pairs of carbon brushes are
installed to produce continuous and steady torque.

2.2.3 Modeling of DC Machines

The modeling of DC machines is simple. Basically, all types of DC machines can be represented by an
equivalent circuit of the armature circuit, and an equivalent circuit of the field circuit or simply constant
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Figure 2.5 Equivalent circuit of separately excited DC machine

flux per pole when the field is excited by PMs. On the basis of the equivalent circuit of the separately
excited DC machine as shown in Figure 2.5, the DC machine operation is governed by

E=K, ¢ w, (23)
V,=E+R,, (24)
T=K,$I, (2.5)
V, =R, (2.6)
¢ = Kyl @7

where E is the back electromotive force (EMF), K, is the back EMF constant, ¢ is the air-gap flux per
pole, w,, is the mechanical speed, V, is the armature voltage, R, is the armature circuit resistance, /, is the
armature current, 7 is the developed torque, Vf is the field voltage, Rf is the field circuit resistance, If is
the field current, and Kf is the slope of magnetization characteristic, which is a constant in the unsaturated
region. For those wound-field DC machines, the flux is generally proportional to the field current which
may be independently controlled by the field voltage, dependent on the armature voltage, dependent on
the armature current, or dependent on both the armature voltage and armature current, respectively, for
the separately excited, shunt, series, or compound types. In contrast, the flux is essentially uncontrollable
for the PM DC machine.

Without external control, the torque-speed characteristics of DC machines can readily be deduced from
Egs. (2.3)—(2.7) as depicted in Figure 2.6. For the separately excited DC machine, the armature and field
voltages are kept at the rated value. It is actually equivalent to the shunt DC machine and PM DC machine
at the rated flux. By using Egs. (2.3)—(2.5), the corresponding torque-speed characteristic can be derived as

KV, Ko,
R R

a a

T (2.8)
which indicates that the speed decreases linearly as the torque increases, and the speed regulation
depends on the armature circuit resistance. This characteristic is particularly suitable for applications
requiring good speed regulation and proper adjustable speed. In case of the series DC machine, by using

Egs. (2.3)-(2.5) and (2.7), the corresponding torque-speed characteristic can be expressed as
KK V2
A (2.9)
(R, + K Kiw,,)*

which indicates that the speed inversely relates to the torque. This characteristic is particularly suitable
for applications requiring high starting torque and heavy overload. However, it suffers from the problem
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Figure 2.6 Torque-speed characteristics of DC machines

of over-speed when operating at the rated voltage under no load or light load. In case of the cumulative
compound DC machine, the torque-speed characteristic lies between those of shunt and series DC
machines, depending on the relative strength of the shunt and series fields. The corresponding no-load
behavior mainly depends on the shunt field while the drooping behavior is dictated by the series field.
This characteristic is attractive for applications requiring high starting torque, and at the same time, the
no-load speed can be limited to a safe value. For the differential compound DC machine, the series field
reduces the air-gap flux when the torque increases, causing the speed to rise in such a way that it can be
used to compensate the speed drop due to the armature resistance. However, on overload, this effect will
cause the speed to rise to instability. Thus, this machine is seldom applied to motor drives.

2.3 DC-DC Converters

At fixed supply voltage, the DC machines can only offer the natural torque-speed characteristics as shown
in Figure 2.6. In order to provide proper speed control for EV operation, the use of DC-DC converters is
almost mandatory.

2.3.1 DC-DC Converter Topologies

When DC-DC converters adopt the chopping mode of operation, they are usually termed as DC chop-
pers and are extensively used for voltage control of DC motor drives. These DC choppers are generally
classified as the first-, second-, two-, and four-quadrant versions. The first-quadrant DC chopper, as
shown in Figure 2.7, is suitable for motoring and the power flow is from the source to the machine. The
second-quadrant DC chopper, which is seldom to be individually applied to DC motor drives, is solely
for regenerative braking and the power flow is from the machine to the source. As regenerative braking is
essential for EVs, which can significantly extend the vehicle driving range, the two-quadrant DC chopper
shown in Figure 2.8 is preferred because it can offer both motoring and regenerative braking. Moreover,
instead of using electromechanical contactors to achieve EV backward operation, the four-quadrant DC
chopper shown in Figure 2.9 can be employed so that motoring and regenerative braking in both EV
forward and backward operations are controlled electronically.
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Figure 2.7 First-quadrant DC chopper: (a) circuit and (b) waveforms
In general, pulse-width modulation (PWM) is adopted to control the armature voltage of DC motor

drives for EV propulsion. Under the continuous conduction mode, the control is based on the variation of
duty cycle 6 of the power switch:

1 T 1 oT
w=7A%m=7A V.dt =8V, (2.10)
=Yk @11
a R '

a

where V is the DC source voltage. For the first-quadrant DC chopper, the duty cycle varies between zero
and one so that the armature voltage can be controlled from zero to the DC source voltage. Of course,
it can only provide a positive armature voltage and a positive armature current for operation in the first
quadrant, namely the positive torque and positive speed. On the other hand, for the two-quadrant DC
chopper, the power switches are closed alternately and the duty cycle is defined by the upper switch. As
the armature current is flowing all the time, the discontinuous conduction mode does not occur. Hence, the
motoring operation with 7, > 0 occurs when 6 > (E/V,), whereas regenerative braking with /, < 0 occurs
when 6 < (E/V,). Furthermore, by properly combining two two-quadrant DC choppers, the resulting
four-quadrant DC chopper can offer the positive armature voltage with bidirectional armature current and
also the negative armature voltage with bidirectional armature current, hence achieving forward motor-
ing and forward regenerative braking as well as backward motoring and backward regenerative braking,
respectively.
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Figure 2.8 Two-quadrant DC chopper: (a) circuit and (b) waveforms
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2.3.2  Soft-Switching DC-DC Converter Topologies

Rather than adopting hard or stressed switching, DC-DC converters can employ soft or relaxed switch-
ing. The key of soft-switching techniques is to employ a resonant circuit to shape the voltage or current
waveform in such a way that the power device switches at the zero-voltage or zero-current condition. In
general, the use of soft-switching DC—DC converters possesses the following advantages:

e Because of the zero-voltage switching (ZVS) or zero-current switching (ZCS) condition, the power
device switching loss is practically zero, thus offering higher efficiency.

e Owing to practically zero switching loss, the heat-sinking requirement is significantly reduced, thus
providing higher power density.

e Because of the minimum switching stress during soft switching, the reliability of power devices can be
improved.

e Because of relatively low dv/dt, the effect of electromagnetic interference (EMI) is less severe and the
machine insulation is less stressed.

e Because of high-frequency operation, the acoustic noise can be effectively suppressed.

There is no free lunch for the above-mentioned advantages: namely, the use of soft-switching techniques
for DC-DC converters has the drawbacks of additional cost of the resonant circuit, increased control
complexity, and limited operating ranges.

In the past two decades, many soft-switching DC—DC converters have been successfully developed for
switched-mode power supplies, leading to achieve high power density and high efficiency (Hua and Lee,
1995). They are generally classified as the resonant converter, quasi-resonant converter, multi-resonant
converter, and zero-transition converter. Most of them initially operate at variable switching frequency and
then extend to constant-frequency operation (Chan and Chau, 1993; Chau, 1994). The constant-frequency
operation takes the definite advantages over the variable-frequency operation because it favors the opti-
mization of reactive components and closed-loop bandwidth as well as the filtering of EMI and noise.
Meanwhile, the control of constant-frequency soft-switching DC-DC converters is generally accom-
plished by means of PWM techniques (Ching and Chan, 2008).

Soft-switching DC-DC converters are seldom used for DC motor drives. The major reason is due to the
fact that the corresponding development has been much less than that for switched-mode power supplies.
In addition, most available soft-switching DC-DC converters cannot handle backward power flow during
regenerative braking. Nevertheless, some soft-switching DC—DC converters have been developed for DC
motor drives. Among them, the zero-transition DC-DC converters are most attractive.

Figure 2.10 shows the two-quadrant zero-voltage transition (2Q-ZVT) converter for DC motor drives
(Chau, Ching, and Chan, 1999). This converter topology is created by adding a resonant inductor, a
resonant capacitor, and two auxiliary switches to a conventional two-quadrant DC—DC converter. It should
be noted that the ZV'S condition is particularly desirable for power metal-oxide-semiconductor field-effect
transistor (MOSFET)-based power conversion, because the power MOSFET device generally suffers from
severe capacitive voltage turn-on losses. This 2Q-ZVT DC-DC converter offers some definite advantages
over its counterparts: namely, the ZVS for all main switches and diodes, the capability of bidirectional
power flow for both motoring and regenerative braking, the unity device voltage and current stresses dur-
ing both the motoring and regenerating modes of operation, the use of the same resonant tank for both
forward and backward power flows, the utilization of stray capacitances as part of the resonant com-
ponents, as well as the utilization of all built-in diodes of the power switches to minimize the overall
hardware count and cost.

Figure 2.11 shows the two-quadrant zero-current transition (2Q-ZCT) converter for DC motor drives
(Ching and Chau, 2001). This converter topology is also created by adding a resonant inductor, a reso-
nant capacitor, and two auxiliary switches to a conventional two-quadrant DC-DC converter. Differing
from the previous 2Q-ZVT, this converter is particularly useful for the insulated-gate bipolar transistor
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Figure 2.11 Two-quadrant zero-current transition DC-DC converter

(IGBT)-based power conversion, because the IGBT device generally suffers from severe inductive turn-off
switching losses. The major advantages of this 2Q-ZCT DC-DC converter are the ZCS for all switches
and rectifiers, the bidirectional power flow for both motoring and regenerative braking, the same resonant
tank for both forward and backward power flows, and the applicability of high-power DC motor drives
employing the IGBT as power devices.

On the basis of the 2Q-ZVT and 2Q-ZCT converter topologies, the four-quadrant (4Q) versions, namely
the 4Q-ZVT and 4Q-ZCT converters, can readily be deduced for DC motor drives (Ching, 2005; 2006)
as shown in Figures 2.12 and 2.13, respectively. While possessing the feature of 4Q operation, they can
directly inherit the merits of their 2Q counterparts.

At present, most low-cost electric scooters and mini EVs utilize hard-switching DC-DC converters for
their DC motor drives. They are widely accepted in densely populated cities for example, cities in China
and India. Actually, the development of soft-switching DC-DC converters for EV propulsion has a niche
market where the power level is about 5 kW.

2.4 DC Motor Control

As mentioned earlier, the DC motor drives take the definite advantage of control simplicity. Among all
kinds of DC motors, the separately excited DC motor offers the highest controllability because the arma-
ture and field currents can be independently controlled, whereas the series DC motor is relatively inflexible
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Figure 2.13 Four-quadrant zero-current transition DC-DC converter

since the armature and field currents are forced to be the same. So, in the following discussion, the control
characteristics of the separately excited and series DC motors are emphasized.

2.4.1 Speed Control

In general, speed control of DC motor drives can be accomplished by two methods: armature voltage
control and flux-weakening control. When the armature voltage of the DC motor is reduced, the armature
current and hence the motor torque decrease, thereby decreasing the motor speed. In contrast, when the
armature voltage is increased, the motor torque increases, thereby increasing the motor speed. Under
this armature voltage control, the torque-speed characteristics of the separately excited and series DC
motors are shown by solid lines in Figures 2.14 and 2.15, respectively. It can be observed that the motors
can operate for any torque-speed characteristics below the natural characteristics. Also, the slope of these
characteristics does not change with the speed. Since the maximum allowable armature current remains
constant, this armature voltage control has the advantage of retaining the maximum torque capability at
all speeds. However, since the armature voltage cannot be further increased beyond the rated value, this
control is used only when the DC motor drive operates below its base speed.

When the field voltage of the DC motor is weakened while the armature voltage is fixed, the motor back
EMEF decreases. Because of low armature resistance, the armature current will increase by an amount much
larger than the decrease in the field. Thus, the additional motor torque causes the motor speed to increase.
Under this flux-weakening control, the torque-speed characteristics of the separately excited and series
DC motors are shown by dotted lines in Figures 2.14 and 2.15, respectively. It can be observed that the
slope of these characteristics is no longer kept constant, but is affected by the flux.
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Figure 2.15 Characteristics of series DC motor control

In order to achieve a wide range of speed control, the armature voltage control and flux-weakening con-

trol should be independent, which can only be applied to the separately excited DC motor drive. Below the
base speed, the armature voltage is varied, whereas the flux is kept at the rated value. Since the maximum
allowable armature current is constant, the torque capability under armature voltage control can be kept

constant, the so-called constant-torque region. Above the base speed, the flux is weakened, whereas the
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Figure 2.16 Operating capabilities of separately excited DC motor drive under combined armature and flux
control

armature voltage is kept at the rated value. Since the armature voltage is fixed and the maximum allowable
armature current is constant, the back EMF remains constant for all speeds. Hence, the power capability
is constant, the so-called constant-power region, and the torque capability varies inversely with the motor
speed. Figure 2.16 depicts these torque and power capabilities.

2.4.2 Regenerative Braking

There are various electric braking techniques for DC motor drives, namely the regenerative braking, rheo-
static braking, and plugging. The regenerative braking is almost exclusively adopted by EVs because the
corresponding battery pack has the ability to absorb and store the mechanical braking energy, whereas
the rheostatic braking and plugging are seldom used in EVs since the corresponding braking energy is
wasted in resistances.

If the DC motor is fed by a fixed voltage source V,, the regenerative braking can be performed only for
speeds above the rated speed. With the use of DC chopper control, it is possible to obtain regenerative
braking down to almost the zero speed. That is, based on the two-quadrant DC chopper, the armature
terminal voltage can be controlled by tuning the duty cycle 6 to be lower than the back EMF E so that
the armature current becomes negative, hence creating a negative torque for regenerative braking. For
the separately excited DC motor drive, the torque expression for regenerative braking is the same as
that for motoring, but with a negative value of armature current when 6 < (E/V,). Also, when desiring
regenerative braking above the rated speed, the flux needs to be weakened accordingly. The corresponding
torque-speed characteristics are shown in Figure 2.17.

For the series DC motor drive, the regenerative braking can be performed based on the same principle
as that for the separately excited DC motor drive, but the field needs to be reversed with respect to the
armature as compared with the connection for motoring. That is, by connecting the field through a bridge
rectifier, the field current can be kept in the same direction under both motoring and regenerative braking,
while the back EMF can be maintained to be positive. The corresponding torque-speed characteristics are
shown in Figure 2.18.
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2.5 Design Criteria of DC Motor Drives for EVs

As the DC motor was the first electric machine and has been developed for over a century, the corre-
sponding design criteria and procedure are actually very mature. Nevertheless, the use of modern design
approaches, such as the finite element method (FEM), can help optimize the design and hence the per-
formance. The modern design process of DC machines involves an iterative loop. Initially, the machine
geometry and dimensions are determined by using analytical equations. Afterward, the machine per-
formances, including the electromagnetic field distribution and operating characteristics, are determined
by using electromagnetic FEM analysis. Consequently, the machine dimensions are iteratively tuned to
optimize the machine performances for the desired EV propulsion.

As the DC motor technology is very mature, there are many well-written reference books detailing the
design criteria and procedure (Say and Taylor, 1986; Chen, 1982).

Firstly, the physical size of the DC motor needs to be estimated. The key component to govern the
overall size is the armature, which can be directly related to the converted power P by

P = n’D’LABn (2.12)

where D is the armature or rotor diameter, L is the core length, A is the electric loading, B is the air-gap
flux density or called magnetic loading, and 7 is the rated speed. Both A and B are experiential parameters:
the former is governed by the electric losses in the windings and the latter is governed by the magnetic
losses in the teeth and yoke. Thus, the selections of A and B are significantly influenced by the cooling
method to dissipate the electric and magnetic losses. Meanwhile, the higher the rated speed is selected,
the smaller the machine size is resulted. But, the high-speed rating will cause higher magnetic losses, thus
affecting the selection of B. Therefore, based on the desired P and n as well as the selected A and B, DL
can be deduced. Once D is chosen, L can be determined. Then, the air-gap length ¢ is selected according
to an empirical relationship as given by

6 =0.008 D (2.13)

Then, the pole arc b, and pole height 4, of the stator can be estimated by
b,=a,t =26 (2.14)
h,=(0.7~0.9) a,r (2.15)

where a, is the pole-arc coefficient in the range of 0.63-0.68 and  is the pole pitch. Then, the
cross-sectional area of the stator yoke S, can be expressed as follows:

s =199

= 2.16
3% (2.16)

where ¢ is the rated flux per pole, o is the flux leakage coefficient (typically in the range of 1.15-1.2),
and B, is the desired stator yoke flux density (typically in the range of 0.95-1.5T). Meanwhile, ¢ can be
calculated by

¢ =a,BrL 2.17)

The stator yoke thickness £, can be deduced by
h,=S,/L, (2.18)

where L, is the length of the stator yoke, which is equal to or slightly longer than L. Consequently, the
stator diameter D can be calculated by

D, = D +26 +2h, + 2h, (2.19)

Of course, the stator diameter and core length are physically constrained by the available space in the EV.
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Secondly, the machine structure, including the field circuit and armature circuit, needs to be devised.
Differing from the AC machines, there is no rigid rule on the selection of the number of poles in the
field circuit of the DC machine. In general, when more poles are adopted in the field circuit, both iron
and copper materials can be reduced; however, the excitation complexity and iron loss will be increased.
As a rule of thumb, the number of poles can be estimated simply based on the armature diameter D: for
instance, two poles for D < 120 mm, four poles for 120mm < D < 600 mm, and six poles for 600 mm <
D < 1200mm. Concerning the armature circuit, the number of slots and type of winding are the two main
factors. In general, the more the number of armature slots, the better the performance is resulted, but
accompanied with higher manufacturing cost and complexity. As a rule of thumb, the number of slots can
be also estimated based on the armature diameter D: for instance, the maximum number of slots per pole is
12 for D < 300 mm, the maximum number is 14 for 300 mm < D < 450 mm, and the maximum number
is 20 for 450mm < D < 650 mm. Meanwhile, there are two main types of armature winding: lap winding
and wave winding. The main difference is that lap winding is preferable for high-current application,
whereas wave winding is preferable for high-voltage application. The lap and wave windings are further
divided into simplex and duplex types. In addition, the armature can adopt either a single-layer winding
or a double-layer winding. The double-layer winding takes the definite advantage of greater flexibility
than the single-layer winding as the coil span can be easily selected. Consequently, the required number
of armature conductors Z, can be estimated by

2arnDA
1

a

zZ, = (2.20)
where 2a is the number of parallel paths and /, is the armature current. The number of parallel paths
depends on the type of armature winding: a = p for the lap simplex, a = mp for the lap duplex, a = 1 for
the wave simplex, and a = m for wave duplex, where p is the number of pole-pairs and m is the multiplicity
of the winding.

Thirdly, two unique components of the DC motor, namely the carbon brushes and commutator, need to
be designed. When adopting the lap winding, the number of brushes is equal to the number of poles for
the simplex type or twice the number of poles for the duplex type. Meanwhile, when adopting the wave
winding, it requires only two brushes or can use as many brushes as poles to improve commutation. The
cross-sectional area of the brushes should ensure that the current density lies between 10 and 15 A/cm?.
The commutator diameter D, is typically equal to (0.6—-0.8)D, which can also be estimated by

D. <D —2h; (2.21)
where &, is the height of armature slot. Hence, the tangential velocity of the commutator is given by
zD.n
V. =
¢ 60

which should be less than 35 m/s. The number of commutator segments N, is equal to the number of active
armature coils. Hence, the commutator segment pitch is given by

_ D, (2.23)
TC = N .

c

(2.22)

which should be more than 3 mm for D, < 200 mm and more than 4.5 mm for D, > 200 mm in order to
ensure sufficient mechanical strength.

2.6 Design Example for EVs

As discussed earlier, the use of DC motor drives for EV propulsion is limited to those low-cost mini EVs.
For a typical mini EV, the propulsion power is in the range of 3—7 kW and the battery voltage is in the
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Table 2.1 Specifications of DC motor drive

DC voltage 72V

Rated power SkW

Rated speed 2000 rpm
Rated torque 23.9Nm
Constant-torque operation 0-2000 rpm
Constant-power operation 2000—4000 rpm
Gear ratio 5:1

Table 2.2 Initialization of separately excited
DC motor drive

Stator diameter 267 mm
Rotor diameter 138 mm
Commutator diameter 108 mm
Air-gap length 1 mm
Core length 100 mm
Stator pole arc 67 mm
Stator pole height 50 mm
Stator yoke thickness 27 mm
Number of poles 4
Number of armature slots 14
Number of carbon brushes 4
Number of commutator segments 14
Number of armature conductors 84
Lamination material 50A230

range of 48-96 V. The DC motor drive preferably adopts the high-speed machine design to minimize the
overall size, even taking into account the reduction gear to match the motor speed with the wheel speed.
Hence, the specifications of the desired DC motor drive are listed in Table 2.1.

In order to provide the desired constant-power operation with flux-weakening control, the separately
excited DC motor is selected. On the basis of the specifications, the geometric dimensions and parame-
ters of this DC motor can be initialized by using the aforementioned design equations, and are listed in
Table 2.2.

By using the electromagnetic FEM analysis, the magnetic field distribution of the machine under the
rated condition is calculated as shown in Figure 2.19. It can be observed that the magnetic saturation
is not serious, and most regions of the iron core are with the magnetic flux density less than 1.5 T. The
corresponding torque waveform is simulated as shown in Figure 2.20, which confirms that it can offer the
desired rated torque of 24 Nm in average. Finally, the torque-speed capability of the motor drive covering
both the constant-torque operation and constant-power operation is simulated as plotted in Figure 2.21.
It verifies that the motor drive can achieve the desired constant-torque operation from 0 to 2000 rpm and
constant-power operation from 2000 to 4000 rpm with field weakening from 5000 A-turn to 2330 A-turn.

2.7 Application Examples of DC Motor Drives in EVs

Almost all types of DC motor drives, namely based on the separately excited DC, series DC, shunt DC,
and PM DC machines, have ever been applied to EVs. Among them, the separately excited DC and series
DC motor drives were widely adopted for EV propulsion.
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Figure 2.19 Magnetic field distribution of DC motor

40 : : : : :
35t -

Torque (Nm)
— —_— (=] 2 s
S L © LA O

wh
T
L

0 60 120 180 240 300 360
Angle (%)

=

Figure 2.20 Torque waveform of DC motor

(5]
=
T

wn
T

Torque (Nm)
=)

n
T
L

1 1 1 1 1 1 Il
0 500 1000 1500 2000 2500 3000 3500 4000
Speed (rpm)

Figure 2.21 Torque-speed capability of DC motor drive



DC Motor Drives 37

The GMC Conceptor Electric G-Van is a representative EV that adopted the separately excited DC
motor drive for electric propulsion. It was the first certified EV complying with Federal Motor Vehicle
Safety Standards for line production in North America commenced in 1990. This Electric G-Van adopted
the Nelco N200MLO12 separately excited DC motor, which could provide the rated power of 45 kW and
torque of 323 Nm (Chancey, 2010). The transmission was fixed gearing, forward and reverse, having a
ratio of 1.85: 1. The vehicle top speed was 88 km/h. Installed with the SAFT nickel-cadmium battery
pack of about 40 kWh, it could run 96 km at the weight of 3538 kg under the J227a-C driving cycle. The
battery pack was charged by an off-board Chloride charger, which took about 8 hours for full charge.

The Fiat Panda Elettra is a representative EV that used the series DC motor drive for electric propulsion.
It was introduced in 1990 and was one of the first mass-produced EV models. It adopted the Thrige-Titan
TTL180C series DC motor, which could provide the rated power of 9.2 kW at 2500 rpm (Chancey, 2014).
It was equipped with a four-speed transmission, which could offer a top speed of 70 km/h. In order to
accommodate the lead-acid battery pack of about 9 kWh, it only had two seats and the range per charge
was only about 77 km. The battery pack was 350 kg with a charging time of 8 hours.

An important milestone in the use of DC motor drives for EVs was the lunar roving vehicle (LRV)
as shown in Figure 2.22, which was designed to operate at the low-gravity vacuum environment of the
Moon for the Apollo lunar surface missions (Williams, 2005). The LRV had a mass of 210kg with a
payload of 490 kg. The wheels were separately driven by four series DC motors, which were operated
by a nominal input voltage of 36 V to output the rated power of 745 W and speed up to 10000 rpm via
individual 80: 1 harmonic drives. The corresponding speed control was handled by using the PWM DC
chopper. Installed with two 36-V silver-zinc potassium hydroxide nonrechargeable batteries (each with
a capacity of 121 Ah), it could offer a driving range of 92 km. By using front and rear steering motors,
which were also a series DC motor rated at 75 W each, the LRV could offer excellent maneuverability.
The overall cost of four LRVs was astronomically high—US$ 38 million. It was first used for the Apollo
15 mission in 1971.

With the use of power electronics, the separately excited DC motor can perform flexible armature volt-
age control and flux-weakening control, hence achieving wide-range speed control, including both the
constant-torque operation and constant-power operation. Thus, the separately excited DC motor drive
is dominant over other DC counterparts for modern mini EVs, especially those neighborhood electric

Figure 2.22 Lunar roving vehicle using series DC motor drive (Source: Courtesy Wikimedia Commons,
http://en.wikipedia.org/wiki/File:Apollo15LunarRover2.jpg)
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vehicles (NEVs) which are a denomination of EVs in the United States that can legally run on public
roads with a speed limit of 56 km/h and a loaded weight limit of 1400 kg (Abuelsamid, 2009). The Global
Electric Motorcars (GEM) car, which is a major model of NEVs, typically installs a 72-V battery system
to feed the separately excited DC motor drive, hence offering a rated power of 5.6 kW at 4950 rpm and a
driving range of 48 km per charge.

2.8 Fading Technology for EVs?

There is no doubt that the DC motor drive technology is very mature and well developed. The use of
DC motor drives for EV propulsion takes the definite advantages of technological maturity and con-
trol simplicity. However, with the ever-increasing demand on high efficiency, high power density, and
maintenance-free operation, DC motor drives are no longer attractive for EV propulsion. Actually, the
corresponding application to EVs is diminishing and fading.

Currently, some DC motor drives, such as the separately excited DC motor drive, are still adopted by
modern mini EVs. Nevertheless, with the continual improvement of AC motor drive technology, it is
anticipated that the DC motor drives will be totally superseded by AC or brushless DC motor drives for
EV propulsion in the near future.
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Induction Motor Drives

As mentioned in the previous chapters, commutatorless motor drives offer a number of advantages
over conventional DC motor drives for electric propulsion. At present, induction motor drives are the
most mature technology among various commutatorless motor drives. There are two types of induction
machines (IMs): the wound-rotor and squirrel-cage. Because of high cost, need for maintenance, and
lack of sturdiness, the wound-rotor induction motor is less attractive than the squirrel-cage counterpart,
especially for electric propulsion in electric vehicles (EVs). Hence, the squirrel-cage induction motor
is loosely named as the induction motor for EV propulsion. In addition to the common advantages of
commutatorless motor drives, the induction motor drives possess the definite advantages of low cost and
ruggedness. These advantages can generally outweigh their major disadvantage of control complexity
and facilitate this technology being widely accepted for EVs.

In this chapter, various induction motor drives, including their system configurations, IMs, power
inverters, and control strategies, are discussed. The corresponding design criteria, design example, and
application examples of EV propulsion are also discussed.

3.1 System Configurations

The basic configuration of an induction motor drive is shown in Figure 3.1. It consists of a three-phase
squirrel-cage induction motor, a three-phase voltage-fed pulse-width modulated (PWM) inverter, an elec-
tronic controller, and some sensors.

For EV propulsion, the system configuration can be single-motor or multiple-motor. The single-motor
configuration of the induction motor drive has been widely adopted for commercial EVs. As shown in
Figure 3.2, the single-motor configuration uses only one IM and one PWM inverter, which can minimize
the corresponding size, weight, and cost. However, it needs a differential to adjust the relative speeds of
the driving wheels for cornering. In addition, it generally employs a fixed gear (FG) to reduce the motor
speed to match with the wheel speed. It should be noted that the high-speed design of IMs is widely
adopted for EV propulsion because this design favors the reduction of machine size and weight, which
are crucial factors for EVs.

On the other hand, the multiple-motor configuration uses multiple motors to independently drive indi-
vidual wheels. As shown in Figure 3.3, the dual-motor configuration of the induction motor drive consists
of two IMs, two PWM inverters, and two optional FGs depending on whether using direct-drive or not.
Since the two IMs are independently controlled, the differential action can be electronically achieved, thus
eliminating the bulky and heavy differential. Whether the IM adopting the high-speed design or low-speed
design depends on the trade-off on using the FG. The major concern in adopting the multiple-motor

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 3.3 Dual-motor configurations of induction motor drive for EVs: (a) high-speed geared structure and
(b) low-speed gearless structure

configuration for commercial EVs is the safety issue. If the speed commands for the left and right IMs
are wrongly calculated or accidentally corrupted, the cornering action will become disastrous. Additional
control monitoring and fault tolerance are inevitable.

3.2 Induction Machines

Among the two types of IMs, the squirrel-cage IM has been exclusively used for electric propulsion. Thus,
all future discussions will be based on the squirrel-cage IM, and the wound-rotor IM will not be discussed.
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3.2.1 Structure of Induction Machines

The most common type of IMs is the squirrel-cage IM. As depicted in Figure 3.4, it consists of a
stator incorporated with three-phase armature windings, a rotor incorporated with cage bars that are
short-circuited by two end-rings, which can also be molded with fan blades to help cool the machine
during rotation, two end-bearings to support the rotor, and a machine frame with two end-bells to house
the machine.

Figure 3.5 shows the cross section of a basic three-phase two-pole IM in which the stator is installed
with three-phase windings A-X, B-Y, and C-Z, and the rotor is inserted with squirrel-cage bars (loosely
called cage bars). The stator windings are distributed in such a way that the winding current produces a
sinusoidally distributed air-gap flux density around the periphery. All cage bars are short-circuited together
by the front and rear end-rings so that the rotor circuit can be induced to produce the same number of poles
as the stator.

Figure 3.6 shows the cross section of an uncommon three-phase 16-pole outer-rotor IM. The principle
of operation is the same as the conventional inner-rotor counterpart. This outer-rotor topology preferably
adopts the pancake-shaped design, namely a large radial diameter and a short axial length, so that it can
readily accommodate a large number of poles, hence offering direct in-wheel drive. Also, the pancake
shaft facilitates to implant the machine into the wheel.

Frame Stator

Winding

Fan blade

Bearing
Shaft

Figure 3.4 Induction machine exploded diagram

Stator Stator

winding

Rotor

Figure 3.5 Basic induction machine topology
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3.2.2  Principle of Induction Machines

Figure 3.7 shows two basic requirements of an IM to produce the rotating field, namely the three-phase
windings and three-phase currents (Ehsani, Gao, and Emadi, 2009). The three-phase currents are
given by

i =1, sin(er) 3.1
i, =1, sin(eor — 120°) (3.2)
i, =1, sin(wt — 240°%) (3.3)

where /,, is the amplitude and w is the angular frequency of the applied currents.
The stator magnetomotive forces (MMFs) produced by the phase currents are expressed as

F,=F, sin(wt) (3.4)
F,=F, sin(wr — 120°) (3.5)
F.=F, sin(wt — 240°) (3.6)
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where F,, = 1,,N and N is the number of turns per phase. Hence, the resultant stator MMF vector can be
expressed as

F=F,e 4+ F,el'™ 4 F e 3.7)
It can be rewritten as 3
F = EFmej(“”‘90 ) (3.8)

which is an MMF vector rotating circumferentially with the angular velocity w, and is 90° delay with
respect to the MMF of phase A. Figure 3.8 graphically depicts the stator MMF vectors at wf = 0° and
ot = 90°, confirming that the resultant MMF vector rotates by 90°. It is equivalent to the magnetic poles
of the stator rotating circumferentially with the angular speed equal to the angular frequency of the phase
current. In case the machine has more than two poles, the rotating field speed differs from the angular
frequency, which can be expressed as

(3.9)

(b)

Figure 3.8 Rotating MMF vector: (a) wt = 0° and (b) wr = 90°
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Figure 3.9 Principle of torque production

where p is the number of pole-pairs, f is the frequency of the phase current, and w, and n, are the rotating
field velocity (usually dubbed as the synchronous speed) in rad/s and rev/s, respectively.

As depicted in Figure 3.9, the relative motion between the stator rotating field and the rotor conductors
induces a voltage in the rotor. For instance, the direction of flux is downward and the field is moving from
right to left; the generated electromotive force (EMF) and hence the current in the conductors will be into
the paper. It follows that the direction of mechanical force will be toward the left, causing the conductors
to follow the moving direction of the rotating field and hence the driving torque. Since the relative motion
between the rotating field and the rotor is the key for torque production, the slip s is defined as

(0, —w)

g DT @) _ P (3.10)

@y @y

where w,; is called the slip speed, which is the relative speed between the stator rotating field and the
rotor. The IM operates as a motor when 0 < s < 1, whereas as a generator when s < 0.

3.2.3 Modeling of Induction Machines

As the principle of IMs resembles the principle of transformer, the basic equivalent circuit of an IM is
shown in Figure 3.10, where R, and X, are respectively the winding resistance and leakage reactance in
the stator, R, and X, are respectively the winding resistance and leakage reactance in the rotor at standstill,

Stator Air-gap Rotor

Figure 3.10 Equivalent circuit of induction machine
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E, and E, are respectively the induced EMF in the stator and induced EMF in the rotor at standstill, R,
and X, are respectively the core-loss resistance and magnetizing reactance in the stator, and & is the ratio
of the number of turns of stator winding to the number of turns of rotor winding. Differing from that, in
a transformer, the stator frequency f is not equal to the rotor frequency f, due to the presence of relative
motion. Therefore, the rotor frequency depends on the slip as given by f, = sf. Consequently, the rotor
EMF and rotor reactance are all slip-dependent and are expressed as sE, and sX,, respectively.

In order to simplify the equivalent circuit of the IM, all rotor quantities are divided by s and then
referred to the stator side. The simplified equivalent circuit is shown in Figure 3.11, where the referred
rotor quantities are given by R', = k’R_, X', = k’X,, E', = k E,, and I', = I, /k. The stator, magnetizing
branch, and referred rotor impedances can be expressed as

Z,=R,+X, G.1D)
Z, =R, +jX, (3.12)
RI
VAR T’+jX’r (3.13)
Hence, the stator current and referred rotor current can be calculated as
VS
[[=—F 3.14)
’ Zz,+Z, 1 z')

e (3.15)

T2, +7)" '

The electromagnetic air-gap power transferred from the stator to the rotor is given by

P,=mlI R, (3.16)
g r '
N

where m is the phase number. After subtracting the rotor copper loss ml’ fR’ ,» the gross mechanical output

power can be written as
RI

P o=ml>—L(1-ys) (3.17)
s
Hence, the output torque can be obtained as
Pm
T= — (3.18)
10}

Pg

T= % (3.19)
ws

is R, X, P
M Y Y . YY)
i
Ra S
7 E, SR
Xn

Figure 3.11 Simplified equivalent circuit of induction machine
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Figure 3.12 Torque-speed characteristic of induction machine

When neglecting the magnetizing branch, the torque equation can be simplified as

1 mv? R,
r=L ~ - (3.20)
o, (Ry+R /)P + X, +X' ) s

Figure 3.12 shows the torque-speed characteristic of the IM under fixed voltage and frequency, in which
T, is the starting torque and 7, is the maximum torque. It is obvious that this torque-speed characteristic
is not good enough for EV propulsion due to the low starting torque and limited speed range. Therefore, the
incorporation of power electronics into the induction motor drive is almost mandatory for EV application.

3.3 Inverters for Induction Motors

Inverters for induction motors are generally classified into voltage-fed and current-fed types. Because
of the need of a large series inductance to emulate a current source, the current-fed inverters are seldom
used for EV propulsion. In fact, the voltage-fed inverters are almost exclusively used because they are
very simple and can have power flow in either direction. A typical three-phase full-bridge voltage-fed
inverter is shown in Figure 3.13. Its output waveform may be six-step or PWM, depending on the
switching strategy for different applications. The six-step inverter takes the advantages of simplicity and
low switching loss. However, it is becoming obsolete because its amplitude cannot be directly controlled

2 € LI € TN € 7

Ve 3 B { ™M

| [:}94 S‘.J[:}Ds Sﬂ[}ﬂs

Figure 3.13 Three-phase full-bridge voltage-fed inverter
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and its lower order harmonics are rich. On the other hand, the PWM inverter is widely adopted because
its waveform is harmonically optimal, and its fundamental magnitude and frequency can be smoothly
varied for speed control.

The inverter design highly depends on the technology of power devices. At present, the insulated-gate
bipolar transistor (IGBT)-based inverter is most attractive and has been widely accepted by modern EVs.
The selection of power devices is based on the criteria that the voltage rating is at least twice the nominal
battery voltage because of the voltage surge during switching, the current rating is large enough so that
there is no need to connect several power devices in parallel, and the switching speed is sufficiently high to
suppress motor harmonics and acoustic noise. Moreover, the power device module is usually a two-in-one
or six-in-one type, which aims at minimizing the wiring and stray impedance.

3.3.1 PWM Switching Inverters

For the last two decades, numerous PWM switching schemes have been developed for voltage-fed invert-
ers based on the criteria that the magnitude and frequency of the fundamental component of the output
waveform can be smoothly varied, the harmonic distortion of the output waveform is minimum, the
switching algorithm can be real-time implemented with minimum hardware and compact software, and the
fluctuation of battery voltage can be tolerated. These PWM switching schemes can be voltage-controlled
or current-controlled. The use of current control is preferable for high-performance induction motor drives
because the motor torque and flux are directly related to the controlled current.
The state-of-the-art PWM switching schemes for the voltage-fed inverters are as follows:

Sinusoidal PWM
Regular PWM

Optimal PWM

Delta PWM

Random PWM

Chaotic PWM
Hysteresis-current PWM
Space-vector PWM

Among them, the hysteresis-current PWM and space-vector PWM schemes have been widely adopted
by induction motor drives for EV propulsion.

Figure 3.14 shows the principle of hysteresis-current PWM (Bose, 1992). The actual current is online
measured and then directly compared with the reference current in such a way that when the actual current
exceeds the upper hysteresis band of the reference current, the upper switch is turned off and the current
starts to decay; and when the actual current crosses the lower hysteresis band, the upper switch is turned
on and the current starts to rise. Thus, the actual current is forced to track the reference current within
the hysteresis band, irrespective of the DC voltage fluctuation. This scheme takes the definite advantages
of direct current control and fast response. However, the PWM frequency varies with the load so that the
current harmonics are varying and not optimal. Also, the fundamental current suffers from phase-lag.

Figure 3.15 shows the principle of space-vector PWM (Bose, 2006), which is actually an indirect current
control scheme based on the concept of voltage and current space vectors. It is evident from Figure 3.13
that the three-phase voltage-fed inverter has eight switching states and each state corresponds to a voltage
space vector as summarized in Table 3.1. Graphically, the six active vectors V,(100), V,(110), V;(010),
V4(01 1), VS (001), and V6(101) are 60° apart and describe the vertices of a hexagon with a magnitude of
2V,./3., while the two zero vectors, VO(OOO) and V7( 111), are at the origin.

The set of phase voltages for each switching state can be combined to derive a voltage space vector as
given by

V= %(va +v,el120° gy e240°) (3.21)
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Figure 3.14 Principle of hysteresis-current PWM

Similarly, the current space vector can be expressed as

]= %(iu +iyel120° 4 ¢240%) (3.22)

After sampling the phase currents at every period 7, the current space vector is calculated. Then, the desired
voltage space vector can be deduced by the current error vector. Since the inverter can only operate at one
of the eight switching states, this voltage space vector is resolved into any two adjacent active vectors. For
instance, the voltage space vector in Figure 3.15 can be resolved into two components V, and V, along
the directions of Vl (100) and Vz(l 10), respectively:

V,=Vcosa — %Vb (3.23)

V, = iVsinot (3.24)
3

The durations of the corresponding active states V,(100) and V,(110) are given by

14

= —=——2—T (3.25)
(2V../3)

Vh
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Figure 3.15 Principle of space-vector PWM

Table 3.1 Switching states of space-vector PWM

State Turn-on Via Von Ve Vector
0 8,858, 0 0 0 V,(000)
1 5,555, 2V,./3 ~V,./3 -V,./3 V,(100)
2 5,5, Vi/3 Ve/3 -2V,./3 V,(110)
3 5,5, ~V,./3 2V,./3 -V,./3 V,(010)
4 5,5,S, -2V,./3 Ve/3 Vi/3 V,(011)
5 5,858, —V,./3 ~V,./3 2V,./3 V(001)
6 5,58, Ve/3 -2V, /3 Vy/3 V,(101)
7 5,5,8, 0 0 0 V,(111)
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The remaining duration for the zero vector 1_/0(000) or X_/7(l 11) is denoted as

t,=T—1,-1, (3.27)
which can be conveniently distributed between VO(OOO) and V7(111) to provide symmetrical pulses,
hence achieving minimal output harmonics. This space-vector PWM scheme takes the definite
advantages of constant switching frequency and low current ripple. However, its implementation is
computation-intensive.

3.3.2  Soft-Switching Inverters

Instead of using hard switching, inverters can adopt soft switching. The key of soft switching is to employ a
resonant circuit to shape the current or voltage waveform so that the power device performs zero-current
switching (ZCS) or zero-voltage switching (ZVS) to minimize the current and voltage overlap, hence
minimizing the switching loss. In general, soft-switching inverters possess the following advantages:

e Because of ZCS or ZVS condition, the device switching loss is practically zero, thus improving the
overall efficiency.

e Because of low heat-sinking requirement and small snubber size, the inverter size and weight are
reduced, thus improving the overall power density.

e Because of the reduced dv/dt effect, the electromagnetic interference (EMI) problem is less severe and
the machine insulation is less stressed.

e Because of high-frequency operation, the audible noise is minimized.

On the other hand, soft-switching inverters generally suffer from the following drawbacks:

e There are additional circuit complexity and control complexity.
e The system reliability is impaired.
e They need additional resonant circuits, involving additional cost and losses.

The development of soft-switching inverters for induction motor drives has become a research direc-
tion in power electronics. Various soft-switching inverter topologies have been proposed in the literature.
Basically, they are classified as the DC-link and AC-link types. The DC-link types can be further divided
into resonant link and resonant pole types, while the AC-link types can be further divided into resonant
and nonresonant types (Bose, 2006).

The milestone of soft-switching inverters is the three-phase voltage-fed resonant DC-link inverter devel-
oped in 1986 (Divan, 1986). Consequently, many improved soft-switching topologies have been proposed,
such as the quasi-resonant DC link, series resonant DC link, parallel resonant DC link, synchronized res-
onant DC link, resonant transition, auxiliary resonant commutated pole, and auxiliary resonant snubber
(ARS) inverters. Meanwhile, a number of development goals of soft-switching inverters for EV propulsion
have been identified, namely efficiency over 95%, power density over 3.5 W/cm?, switching frequency
over 10 kHz, dv/dt below 1000 V/ps, zero EMI, zero failure before the end of the vehicle life, and redun-
dant with “limp-home” mode. The ARS inverter has been actively developed for EV propulsion (Lai,
1997), which has satisfied most of these goals, and has been demonstrated to achieve an output power of
100kW.

As shown in Figure 3.16, by using auxiliary switches and resonant inductors along with resonant snub-
ber capacitors to achieve the soft-switching condition, the ARS inverter can offer the merits that all main
power devices can operate at the ZVS condition, while all auxiliary power switches can operate at the
ZCS condition. Moreover, the corresponding parasitic inductance and stray capacitance are utilized as a
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Figure 3.16 Three-phase auxiliary resonant snubber inverter

part of the resonant components, while there are less overvoltage or overcurrent penalty in the main power
switches. Although this ARS inverter has promising application to EV propulsion, it still needs contin-
ual improvement before practically applying to EVs. Particularly, the corresponding control complexity
should be alleviated, while the corresponding PWM switching scheme needs to be modified to enable
effective control of induction motor drives.

As the complexity and reliability are the major concerns for practical application, the commercialized
EVs have not yet adopted soft-switching inverters for electric propulsion.

3.4 Induction Motor Control

There are three main types of control strategies for induction motor drives: the variable-voltage
variable-frequency (VVVF) control, field-oriented control (FOC), and direct torque control (DTC).
Hereby, they are described in detail.

3.4.1 Variable-Voltage Variable-Frequency Control

VVVF control has been widely adopted for speed control of induction drives. It is based on constant
volts/hertz control for frequencies below the rated frequency, and variable-frequency control with constant
rated voltage for frequencies beyond the rated frequency. For very low frequencies, voltage boosting is
applied to compensate the difference between the applied voltage and induced EMF (Dubey, 1989).
Referring to the equivalent circuit as shown in Figure 3.11 in which R,, is neglected, the magnetizing
current /,, at the rated speed can be expressed as
E' E'

I = r_rated — r_rated 1 (3 28)
o .
" X f;ated 2 Lm

m

where E’, .4 is the back EMF at the rated frequency and L,, is the magnetizing inductance. Below the
rated speed, the operating frequency f can be normalized as a frequency ratio a, which is defined as

a = f/fratea (3.29)
Hence, the corresponding magnetizing current can be expressed as

E', E'. 1
= = (3.30)

n=2x 2L,
as,, WYrated 7Ly
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The magnetizing current and hence flux will remain constant if £/, = aE’, ., or simply called constant
E/f. Consequently, the corresponding maximum torques, both during motoring and generating, remain
constant as given by

E';

;(J,‘"“ed (3.31)

Tmax = izia)é
Because the measurement of the back EMF is very difficult, the applied voltage is generally adopted to
approximate the back EMF. Thus, the desired constant E /f strategy is approximated by the constant V /f
strategy for most operating frequencies, except under low frequencies for low-speed operation. At low
speeds, the stator impedance drop becomes appreciable so that the applied voltage can no longer be valid
to approximate the back EMF. Thus, a boosting voltage is normally required to compensate for the stator
impedance drop for low-speed operation using the constant V /f strategy.

Above the rated speed, the applied voltage is kept at the rated voltage V.4, While the operating fre-
quency is increased above the rated frequency. Hence, the maximum torque decreases with the increase
in frequency (@ > 1) as given by

v2
T = 3 rated (3.32)

2a0, R, + \/Rf +a2(X, +X)°

Since the slip is small, the rotor current is almost in phase with the back EMF. When neglecting the rotor
resistance loss and stator impedance drop, the output power is equal to the product of rated voltage and
rotor current. Thus, under the maximum permissible stator current, this variable-frequency control offers
constant-power operation.

Beyond the critical speed, the motor is operated at the slip for the maximum torque. Both the current
and power of the motor are allowed to decrease inversely with speed, and the torque decreases inversely
as the speed squared.

In summary, the torque-speed characteristics of the induction motor drive using VVVF control are
shown in Figure 3.17, and the corresponding torque-speed capabilities are shown in Figure 3.18. It can
be observed that there are three operating regions. The first region is called the constant-torque region
in which the motor can deliver its rated torque for speeds below the rated speed (normally called the
base speed w,,). In the second region, called the constant-power region, the slip is increased gradually

Torque Constant
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T,
max {\ {1 '] [\ {\ power locus Rediced

power locus

(=]
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== Tmax

Figure 3.17 Torque-speed characteristics of VVVF-controlled induction motor drive
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Figure 3.18 Operating capabilities of VVVF-controlled induction motor drive

to the maximum value so that the stator current remains constant and the motor can maintain its rated
power capability. When the speed is above the critical speed @,, the slip remains constant while the stator
current decreases. Thus, the torque capability declines with the square of speed, the so-called reduced
power region.

It should be noted that both the torque and air-gap flux under the VVVF control are functions of volt-
age and frequency. This coupling effect is actually responsible for the sluggish response. That is, the
corresponding torque control is not fast and accurate enough for application to high-performance EVs.

3.4.2 Field-Oriented Control

In order to improve the dynamic performance of induction motor drives, FOC is preferred to VVVF
control. By using FOC, the mathematical model of the induction motor is first transformed from the
stationary a—b—c frame to the stationary d*—¢g° frame, then to the synchronously rotating d°—¢° frame with
speed w, as shown in Figure 3.19. Thus, at steady state, all sinusoidal variables in the stationary frame
such as the stator voltage v, stator current i, stator flux linkage 4, rotor voltage v,, rotor current #,, and
rotor flux linkage A, can be represented by DC quantities in a synchronously rotating frame (Novotny and
Lipo, 1996; Sul, 2011).

Firstly, taking 6 as the angle between the ¢°-axis of the d°—¢° frame and the a-axis of the a—b—c frame,
the transformed variables in the d*—¢° frame can be expressed as

(3.33)

S
qs

| _ 2 [sin@ sin (6 —120°) sin(6 + 120°) Jas
T3 [cos@ cos(@ — 120°) cos(f + 120°) fbs
cs

where f can be any circuit variable such as voltage, current, and flux linkage, and the superscript s refers
to the variable that is on the stationary d°*—¢* frame. Normally, it is convenient to set & = 0 so that the
g*-axis is aligned with the a-axis.

Secondly, as the d°—g°¢ frame rotates synchronously at speed w,, the angle between the d°—g° frame and
the d°—¢’ frame is , = w,t. Thus, the transformed variables in the d°—¢° frame can be obtained as

¢ cosf. sind,| [ ]
&l = . “f [ (3.34)
[ ;3] [— sinf, cos He] [ s

where the superscript e refers to the variable that is on the synchronously rotating d°—¢° frame.
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Figure 3.19 Coordinate transformations for FOC: (a) stationary a—b—c frame to stationary d* — ¢* frame and
(b) stationary d* — ¢’ frame to synchronously rotating d¢ — ¢¢ frame

After performing the above two transformations, all sinusoidal variables in the stationary a—b—c frame
become DC quantities in the d°—¢° frame. Consequently, the voltage equations of the machine can be
expressed as

Vs = Ryl + pAy — o, Ag (3.35)
Vos = Ryigs + pAgg + @, 4 (3.36)
Vo, =R +pAy, — (0, — @,) 4, (3.37)

Vo, = R,iG, +pli, + (@, — @,) 4, (3.38)
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where R| is the stator resistance per phase, R, is the referred rotor resistance per phase, , is the rotor
speed, and p is the differential operator. Normally, the rotor circuit of the IM is shorted so that both v¢,
and vy, are zero. The stator and rotor flux linkages can be expressed as

A =L + L1, (3.39)
Ags = Lyigs + L, i, (3.40)
Ay, =L + L, (3.41)
Agr =L,ig, + L, io (3.42)

where L,, is the mutual inductance per phase, L, is the stator inductance per phase, and L, is the rotor
inductance per phase. Hence, the output torque 7, can be derived as

L

e=527 Yale — Agrig) (3.43)

where P is the number of poles of the machine.
By purposely aligning the d*-axis with the rotor flux linkage, the rotor flux linkage in the g°-axis 4, is
always zero. Then, the torque expression in Eq. (3.43) can be rewritten as

_3 P m
e=373 L — Agyigs = K Ay, ig (3.44)
where K, is the torque constant. It is analogous to the torque expression of a separately excited DC motor
as given by
T,=K,¢1, (3.45)

where the flux ¢ in the DC motor (analogous to the d“-axis rotor flux linkage 4 in the induction motor)
and the armature current /, in the DC motor (analogous to the g°-axis stator current ig, in the induction
motor) can be independently controlled. Meanwhile, by substituting A7, = 01in Egs. (3.37) and (3.41), the
d¢-axis rotor flux linkage can be expressed as

Lm .
Xz = <T o ) i, (3.46)

where 7, = L, /R, is the rotor time constant. Thus, the d°-axis rotor flux linkage can be adjusted by con-
trolling the d*-axis stator current, which resembles the field current /; of the separately excited DC motor.
In particular, when 7_is kept constant, A9 can be approximated by L,, i so that the torque expression in
Eq. (3.44) can be further simplified as

pL
5 (3.47)

2
_3PLne .
22L, 4"

e
where if is the so-called field component of the stator current and i, is the so-called torque component of
the stator current. Thus, by means of this FOC, the motor torque can be effectively controlled by adjusting
the torque component as long as the field component remains constant. Therefore, the induction motor
drive can offer the desired fast transient response similar to that of the separately excited DC motor drive.
Consequently, the control principles, namely the increase of torque and the flux weakening, are depicted
in Figure 3.20.
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Figure 3.20 Principles of FOC: (a) torque control and (b) flux control

There are two ways to implement the FOC for the induction motor drive: direct and indirect approaches.
The direct FOC, also dubbed as the direct vector control, is to instantaneously identify the rotor flux link-
age by measurement of air-gap flux or flux estimation from the measured stator voltage and current. The
air-gap flux measurement can be achieved by using the Hall sensors or sensing coils. However, mounting
of Hall sensors in the air-gap suffers from the problems of mechanical vibration and temperature varia-
tions, which is impractical under the harsh operating environment of EVs. In addition, sensing coils suffer
from the problems of low sensed voltage and poor signal-to-noise ratio, which make it hardly possible
to deduce the air-gap flux during low-speed operation. On the other hand, the rotor flux linkage can be
estimated by using the stator voltage equation, which is based on the measured terminal voltage and cur-
rent as well as the machine parameters R, L,,, L., and L. However, at low speeds, the measured voltage
signals are very low, which are ill-suited for the estimation. Meanwhile, the rotor flux linkage can also be
estimated by using the rotor voltage equation, which is based on the measured current and speed as well
as the machine parameters R,, L,,, and L,. Although this technique takes the advantage that the estimation
can be down to zero speed, it requires an accurate speed encoder. Both of these flux estimation techniques
heavily depend on the machine parameters, proper compensation for parameter variations is desirable.

The indirect FOC, also dubbed as indirect vector control, is widely adopted by the induction motor
drive for EV propulsion. This technique does not need to identify the rotor flux linkage. The key is to
calculate the slip speed that is required to deduce the instantaneous rotor flux position 8, for correct field

orientation: , , ,
0, = / w,dt = / (0, + w,)dt = / W dt +6, (3.48)
0 0 0

where w, is the synchronous speed, w,; is the slip speed, w, is the rotor speed, and 0, is the rotor position
that is real-time measured by using a position encoder. By using Eqgs. (3.38) and (3.42), the slip speed can
be expressed as
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e
Lm lqs

g = T_r /1_; (349)
which is an important criterion to deduce the instantaneous rotor flux position, hence dubbed as the decou-
pling condition for the indirect FOC. On the basis of Eqgs. (3.44), (3.46), (3.48), and (3.49), the indirect
FOC control block diagram under the torque command 7 and flux command A¢" is shown in Figure 3.21.
It can be observed that the torque and flux are controlled in a feed-forward manner.

Although the indirect FOC has been widely used for high-performance induction motor drives, it still
suffers from some drawbacks. Particularly, the rotor time constant 7, (which has a dominant effect on the
decoupling condition) changes severely with the operating temperature and magnetic saturation, leading to
deteriorate the desired indirect FOC. Currently, there are two convenient ways to solve this problem. One
way is to perform online identification of the rotor time constant and accordingly to update the parameters
used in the indirect FOC controller. Another way is to adopt a sophisticated control algorithm to enable the
indirect FOC controller insensitive to motor parameter variations. The model-reference adaptive control
(MRAC) scheme has been widely used for indirect FOC of the induction motor drive. Essentially, an
adaptive mechanism is adopted that forces the motor drive to follow the reference model even under system
parameter variations such as the change of rotor time constant due to prolonged operation. The definite
advantage of this MRAC scheme is that there is no need to carry out explicit parameter identification.

3.4.3 Direct Torque Control

The DTC is an advanced scalar control scheme that can offer comparable performance as the FOC for
the induction motor drive. This scheme is to directly control the stator flux linkage and the torque by
properly selecting the switching modes of the voltage-fed PWM inverter. The selection is made to restrict
the torque and flux errors within the respective torque and flux hysteresis bands, hence to achieve faster
torque response and flexible control (Vas, 1998; Bose, 2001).

In the IM, the electromagnetic torque can be expressed in the form of cross product of the stator flux
linkage vector 4, and the stator current vector i, as given by

3P, ¢ - 3P~ _ -
Te = 5 E(/ldalqs - ﬂésl;ls) = z E(/ls X ls) (350)
Te‘ ] v !qj: s I':“ » 15 s I:’
K.JS, d*~q; 14/ | »
2 e 1y »| Inverter
e* & s s 5| Lds .
Ar I p+]— > /d~q' == fa-b-cf—
m i

Encoder

Figure 3.21 Indirect FOC for induction motor drive
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The stator flux linkage vector /1 and rotor flux linkage vector A can be expressed in terms of the stator
current vector i, and rotor current vector i,, which are expressed as

A =L 4L, (3.51)
A, =L +L,i (3.52)

By eliminating fr in Egs. (3.51) and (3.52), the stator flux linkage vector can be written as
- L,- _
Ay = L—Ar + L, (3.53)

r

where L, = L.L, — L2,. Hence, the torque expression in Eq. (3.50) can be rewritten as

3PLr Y Y 3PL - T
T,=3557 1 exa) =35 1Al

i 3.54
9L |siny (3.54)

where y is the angle between the stator and rotor flux linkage vectors. Figure 3.22 depicts the vector
diagram on how to perform the DTC. That is, when the rotor flux linkage remains constant, the torque
can be rapidly changed by adjusting the angle y, which can be easily done by switching on the appropriate
stator voltage vector v, in such a way that A4, = v Ar. This is the essence of DTC for the induction motor
drive.

The stator voltage vectors can readily be provided by using the aforementioned space- vector PWM
scheme for the voltage-fed inverter. That is, the stator voltage vectors v, vy, Vi, Vi3, Vi, Vyss Vg, and Vg
are equal to VO(OOO) V,(100), V2(1 10), V3(010) V4(01 1), V5(001), V(101), and V,(111), respecuvely
As shown in Figure 3.23, the stator flux linkage is changed by an incremental flux (Allm A/lyz’ A/lﬁ,
AAS4, A/lss, or A ) which is produced by the corresponding stator voltage vector (v, Vi, Vi3, Vg, Vys, OF
v)- Notice that v, and v, do not produce any change of stator flux linkage. Thus, the stator flux linkage
moves with the stator voltage vector. If a reduced stator flux linkage is required, the voltage vector will be
selected in such a way that it is directed toward the center; otherwise, the voltage vector will be selected
to be outward the center. For DTC, the stator flux linkage is required to track the flux command within
the hysteresis band 2H . The corresponding locus is divided into six sectors. For instance, as shown in
Figure 3.24, the stator flux linkage vector is initially located at the position A in the Sector 1 rotating
anticlockwise. Since the stator flux linkage is at the upper limit of the hysteresis band, the stator voltage
vector, V4 is selected to rapidly move the stator flux linkage vector to the position B in the Sector 2. As the

B SR EVVN

Lol Ly

» d’-axis

Figure 3.22 Principle of DTC for induction motor drive
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Figure 3.23 Control of stator flux vector for DTC
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Figure 3.24 Trajectory of stator flux vector in DTC

stator flux linkage again reaches its upper limit, the stator voltage vector v, is applied to move it to the
position C. It should be noted that the stator flux linkage vector changes quickly by v Af, whereas the
change of rotor flux linkage vector is very sluggish because of its large time constant.

Figure 3.25 illustrates how to select various stator voltage vectors to control the torque and flux (torque
increase, torque decrease, flux strengthening, and flux weakening) when the stator flux linkage vector is
in the Sector 1. In general, if an increase of the torque is required, the voltage vector will be applied to
advance the stator flux linkage vector in the direction of rotation; otherwise, the voltage vector will be
applied opposite to the direction of rotation. If zero torque is required, the zero-voltage vector (v, or
v,) will be applied, depending on which vector can minimize the number of switching. Consequently,
the torque demand is reduced to a choice of increase (67, = 1), decrease (67, = —1), or zero (67, = 0),
while the stator flux linkage demand is a choice of strengthening (64, = 1) or weakening (64, = —1). The
corresponding look-up table of stator voltage vectors for DTC is shown in Table 3.2.
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Figure 3.25 Selection of stator voltage vectors for DTC

Table 3.2 Look-up table of stator voltage vectors for DTC

oT, 04 Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

s

1 1 X.VZ X.v} Xv4 X,\‘S X,\‘ﬁ Xv 1

1 _JO _J7 _JO Xﬂ _JO _J7

-1 1 Ks() sl 82 83 Cs4 85
-1 Ks} Ks4 KSS KSG Ks] KSZ

0 -1 Xﬂ KJ‘O Xﬂ KJ‘O Xﬂ KJ‘O
-1 -1 Vs Vs6 Vi1 Vi2 Vi3 Vsa

The control block diagram of DTC for the induction motor drive is depicted in Figure 3.26. The torque
command 7} and flux command A} are compared with the respective estimated values, and the errors
(AT, and AA,) are processed through the respective hysteresis controllers, which are defined as

1 for AT, > H;

6T, =30 for —Hy < AT, < H, (3.55)
-1 for AT, < —-H;
1 for AA >H
51, = or 84> M (3.56)
‘ -1 for AA, <-H,

where H is the hysteresis of the three-level torque controller and H, is the hysteresis of the two-level
flux controller. The estimator serves to calculate the torque and stator flux linkage as well as the angle for
sector selection based on the measured voltages and currents. This DTC induction motor drive can easily
operate in all four quadrants, and provide the torque response comparable with that using FOC.

As compared with the FOC, the DTC for the induction motor drive possesses some definite advantages:

e There is no need to use coordinate transformations that are computationally intensive.
e There is no need to perform feedback current control.
e The motor torque can be directly controlled so that the torque response is much faster.
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Figure 3.26 DTC block diagram for induction motor drive

However, the DTC suffers from the drawbacks of sluggish response during start-up and high torque ripple.
There are several possible solutions such as the incorporation of fuzzy logic into the selection strategy of
stator voltage vectors and the use of predictive algorithm to select the inverter switching states.

3.5 Design Criteria of Induction Motor Drives for EVs

The induction motors for electric propulsion is principally similar to that for industrial application. Nev-
ertheless, these induction motors need to be specially designed. Laminated thin silicon cores should be
used for both the stator and rotor to reduce the iron loss, while copper bars should be adopted for the rotor
cage to reduce the copper loss. Stator coils should adopt the Class C insulation, and be directly cooled by
oil with low viscosity. All housings should be made of cast aluminum to reduce the total motor weight.
Reasonable high-voltage low-current machine design should be employed to reduce the cost and size of
the power inverter, although the voltage level of the motor is usually limited by the number, weight, and
type of batteries. Low stray reactance is also necessary to favor flux-weakening operation.

Figure 3.27 shows the flowchart to depict the design process of induction motors for EV propulsion,
which involves an iterative loop to optimize the machine dimensions and parameters. Firstly, the machine
geometry, dimensions, and parameters are initialized by using analytical and experiential equations. Sec-
ondly, the machine performances are determined by using finite element analysis, including the electro-
magnetic, thermal, and force field analyses. Finally, performance evaluations will be assessed and used
to iteratively tune the machine dimensions.

The initialization of IM design is mainly based on analytical and experiential equations (Say, 1976;
Chen, 1982). Firstly, main dimensions of the motor are determined. The stator inside diameter D; can be
expressed as

_(P61x10° 1 P

1
3
= - — 3.57
St <7rp «,K:K,, AB n> (3-57)
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Figure 3.27 Design process of induction motors

where p is the number of pole-pairs, p is the aspect ratio (length-to-pole pitch ratio), which is in the
range of 0.82-1.2, , is the pole-arc factor which can be chosen from 0.66 to 0.71, K, is the air-gap flux
waveform factor which is normally chosen as 1.11, K|, is the distributed winding factor which is about
0.96 for the single-layer winding and 0.92 for the double-layer winding, A is the electric loading which
is in the range of 15-50kA/m, B is the magnetic loading which is in the range of 0.5-0.8 T, P’ is air-gap
apparent power, and 7 is the rotor speed. How to select the value in the range is essentially based on
experience. In addition, P’ is given by
P =¢ P
1 cos ¢

(3.58)

where ¢ is the ratio of back EMF to rated voltage, which is in the range of 0.85-0.95, 7 is the efficiency, ¢ is

the power factor angle, and P is the rated output power. Once Dy is determined, the stator outside diameter

D, can be estimated based on the relationship between Dg; /D, and the number of poles: for instance,

0.5-0.56 for two poles, 0.63-0.64 for four poles, and 0.68-0.78 for eight poles. Then, the effective core
length L can be estimated by

_ L6.1><103Lﬂ (3.59)

D% a,KK, AB n

From experience, the air-gap length 6 can be numerically expressed as

8 =D <1 + 2) x 1073 (3.60)
. »
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Hence, the rotor diameter D, can be deduced as
D, =Dy —26 (3.61)

Secondly, the dimensions of teeth and slots in the stator and rotor are determined. The stator slot width
b, and slot height h  can be estimated by

b, = (0.45 ~ 0.62)t, (3.62)
hy = (3.5 ~ 5.5)b (3.63)

where £ is the stator tooth pitch which is given by

r=—== (3.64)

where Z is the number of stator slots. Similarly, the rotor slot width by and slot height A, can be
estimated by

b, =(0.45 ~ 0.62)1, (3.65)
hy=(3.5~55)b, (3.66)

where ¢, is the rotor tooth pitch which is given by

f=—= (3.67)

where Z, is the number of rotor slots. Meanwhile, the rotor tooth width b, can be estimated by

, _ 4B
v KiBtr

(3.68)

where K; is the stacking factor of iron core which is in the range of 0.96-0.98, and B,, is the nominal rotor
tooth flux density in the range of 1.25-1.6 T. Then, the rotor yoke height, /,, can be estimated by
Ta, B
P
= (3.69)
2K B,
where By, is the nominal rotor yoke flux density which is normally equal or less than 1T, and 7 is the pole

pitch which can be expressed as
zD si
(3.70)
2p

T =

Thirdly, the number of turns of stator winding per phase N, can be expressed as

rDGA
No=— (3.71)

s

where I is the stator current per phase. It can be found that when the number of turns is reduced, the
electric loading decreases, whereas the magnetic loading increases. Consequently, the power factor, start-
ing torque, and starting current will be affected. Thus, N is a useful parameter that can be adjusted to
facilitate achieving the desired performance.

It should be noted that the above design equations are derived based on the conventional IM structure,
namely the inner-rotor topology. For the design of outer-rotor induction motors, those design equations
need to be modified accordingly.
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3.6 Design Example of Induction Motor Drives for EVs

When the EV adopts the single-motor configuration, the induction motor is generally designed for
high-speed operation while using a planetary gear to step down the motor speed so as to match with
the wheel speed. On the basis of the requirements of a typical passenger EV, the specifications of the
corresponding induction motor are listed in Table 3.3.

Aiming to achieve high-speed operation while limiting the switching frequency, the three-phase
four-pole IM topology is adopted. On the basis of the specifications, the geometric dimensions and
parameters of this induction motor can be initialized by using the aforementioned design equations, and
are listed in Table 3.4. As mentioned earlier, this initialization can greatly facilitate the iterative process
to optimize the machine dimensions and parameters.

In order to take into account the saturation and fringing effects, the electromagnetic finite element
analysis is inevitable. The electromagnetic field distribution of the induction motor at the rated condition
is shown in Figure 3.28 in which there is no significant magnetic saturation and the current density of
stator winding is equal to 4.6 A/mm?.

When the motor drive operates at or below the base speed, it provides constant-torque operation. The
phase current waveform of the motor drive operating at the rated speed of 3000 rpm under the rated load
is shown in Figure 3.29. The corresponding torque waveform is shown in Figure 3.30. It can be observed
that the designed motor drive can produce the desired rated torque of 32 Nm as listed in Table 3.3.

Table 3.3 Specifications of planetary-geared
induction motor design

DC voltage 360V

Rated power 10kW

Rated speed 3000 rpm
Rated torque 32Nm
Constant-torque operation 0-3000 rpm
Constant-power operation 3000-7000 rpm
Gear ratio 10:1

Table 3.4 Initialization of planetary-geared
induction motor design

Number of phases 3
Number of poles 4
Number of stator slots 24
Number of rotor slots 34

Stator outside diameter 248 mm
Rotor diameter 135.3 mm
Air-gap length 0.44 mm
Core length 106.8 mm
Stator slot width 8 mm
Stator slot height 28 mm
Rotor slot width 5.5mm
Rotor slot height 22 mm
Rotor yoke thickness 34.7 mm
Number of turns per phase 128
Slot-fill factor 60%

Lamination material 50A230
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Figure 3.28 Electromagnetic field distribution of induction motor
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Figure 3.29 Phase current waveform of induction motor drive at 3000 rpm

Subsequently, the designed motor drive performs flux-weakening control to achieve high-speed
constant-power operation. The phase current waveform of the motor drive operating at twice the rated
speed, that is, 6000rpm, under the rated load is shown in Figure 3.31. The corresponding torque
waveform is shown in Figure 3.32. It can be observed that the designed motor drive can offer the desired
constant-power operation, which can achieve 16 Nm at 6000 rpm. The overall torque-speed capability
of this motor drive is plotted in Figure 3.33 in which the rotor flux starts to be weakened by using FOC
when the motor speed is beyond the rated speed. It illustrates that the designed induction motor drive can
operate in both the constant-torque and constant-power regions, and the constant-power range can be
significantly extended by using flux-weakening control, which is highly favorable for EV application.
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Figure 3.30 Torque waveform of induction motor drive at 3000 rpm
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Figure 3.31 Phase current waveform of induction motor drive at 6000 rpm

30
E 20} -
z
2 T
(=
8
H

10} |

0 i i i

96 9.65 9.7 9.75 9.8

Time (s)

Figure 3.32 Torque waveform of induction motor drive at 6000 rpm
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Figure 3.33 Torque-speed capability of induction motor drive

3.7 Application Examples of Induction Motor Drives in EVs

The Ford Siemens EV motor was one of the most well-developed induction motors for EVs. It was a
three-phase water-cooled induction motor with the output power of 33 kW (rated) and 67 kW (peak), and
weighed about 65 kg (Zuglet, 2014). This motor was targeted for rear-wheel drive in which the gear reduc-
tion and the differential are integrated with the motor. This motor and its derivatives were successfully
applied to different models of EVs such as the flagship EV of Ford Motor—Ford Ranger EV. The Ford
Ranger EV was a pickup truck which was powered by a six-pole induction motor drive that could achieve
a maximum speed of 13 000 rpm while equipped with a 3 : 1 single-speed gear reduction.

Showcasing the most advanced propulsion system in 1997, the EV1 was the flagship EV of General
Motors (GM). It was a front-wheel-drive electric sports car which adopted a three-phase induction motor
drive and a single-speed transaxle with dual-reduction of 10.95 : 1. It could offer an axle torque of 149 Nm
from 0 to 7000 rpm and a propulsion power of 102 kW from 7000 to 14 000 rpm as well as a top speed of
128 km/h and an acceleration from 0 to 96 km/h in less than 9 seconds. While customer reaction to the EV1
was positive, the EV1 was horrifically expensive so that GM decided to terminate its production in 2002.
The resurrection of high-performance electric sports cars happened at the San Francisco International
Auto Show in 2006, where the Tesla Roadster exhibited its streamlined body and outstanding performance.
As shown in Figure 3.34, the Tesla Roadster was produced by Tesla Motors between 2008 and 2012. It
adopted a three-phase four-pole induction motor drive that could produce a maximum power of 215kW, a
maximum torque of 400 Nm, and a maximum speed of 14 000 rpm (Tesla, 2010). It weighed less than 32 kg
and delivered an average efficiency of 90%. The whole EV weighed about 1200 kg and was a rear-wheel
drive. Equipped with a single-speed fixed-gear transmission of 8.28:1, it could offer an acceleration
from 0O to 96 km/h in 3.7 seconds, and the top speed of 200 km/h. Installed with the lithium-ion battery
of 53 kWh, it could run 393 km per charge based on the US Environmental Protection Agency (EPA)
combined cycle.

3.8 Matured Technology for EVs?

The induction motor was probably invented by Galileo Ferraris in 1885 and by Nikola Tesla in 1887
independently. Over the last 130 years, it was continually improved and had already been dominant for
industrial applications. Having been fueled by computer-aided design tools, power electronics technology,
and sophisticated control strategies, the induction motor drive becomes a matured technology for EVs.
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Figure 3.34 Tesla Roadster with induction motor drive

Nevertheless, with ever-increasing demand on high power density and high efficiency of motor drives for
EV propulsion, the induction motor drive is being superseded by the permanent magnet (PM) brushless
motor drive. Luckily, because of high PM cost, shortage of supply of rare-earth PM material, and thermal
instability of PMs, there is a rekindling interest in the induction motor drive for EVs.

Because of its technological maturity, further advancement of the induction motor drive for EV propul-
sion is incremental only. Nevertheless, there are some interesting research activities on the induction motor
drive for EVs. For instance, the development of double-rotor induction motor drive can potentially offer
a compact and robust EV propulsion system with the inherent feature of electronic differential.

With the definite advantages of low cost, robust structure, and mature technology, it is anticipated that
the induction motor drive can maintain a reasonable market share of EV motor drives in the foreseeable
future.
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4

Permanent Magnet Brushless Motor
Drives

Among various types of motor drives, permanent magnet (PM) brushless motor drives, especially the
PM synchronous motor drive, are currently the most attractive motor drives for electric vehicle (EV)
propulsion. Their key features, namely high power density and high efficiency, are attributed to the use of
high-energy PM material. Actually, they are becoming dominant in the market share of EV motor drives.
However, these PM brushless motor drives still have some shortcomings such as high cost and thermal
instability of the PM material.

In this chapter, two major PM brushless motor drives, namely the PM synchronous and PM brushless
DC (BLDC) types, are presented. Their PM materials, system configurations, machine topologies, inverter
topologies, and control strategies are described. The corresponding design criteria, design examples, and
application examples are also discussed for EV propulsion.

4.1 PM Materials

Definitely, PM materials are the key of PM brushless motor drives that provide the machines with lifelong
excitation. The development of PM materials dates back over many centuries. As depicted in Figure 4.1,
the progress of PM materials proceeded in a stepwise manner, and each PM material was developed and
improved before being superseded by a new one (Gutfleisch, 2000). Particularly, the corresponding energy
product has had a drastic improvement starting from the 1980s.

Currently, there are four major types of PM materials that are widely used for motor drives:

e Ferrite: The ferrite magnet was invented in the 1930s. It has been widely used as commercial magnets
for the last few decades because of the abundance of raw materials and low production cost. It also
offers the advantage of high electrical resistance, which can suppress the corresponding eddy-current
loss. However, it suffers from drawbacks such as high temperature coefficient and low energy density,
leading to be sensitive to temperature variations and bulky in size, respectively, for application to PM
machines.

e Alnico: It is a nickname of iron-based aluminum-nickel-cobalt (Al-Ni-Co) alloy, which was invented
in the 1940s. It was the first modern PM material offering high remanence. Because of its high Curie
temperature, it can be used at high operating temperature. Unfortunately, its coercivity is very low so
that it is very easy to be demagnetized, which limits the corresponding application to PM machines.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 4.1 Development of PM materials

Nevertheless, some special machines, such as the memory machine, positively utilize this property so
that the magnetization level can be online tuned.

o Samarium-cobalt (Sm-Co): Invented in the 1960s, this rare-earth PM material has merits such as high
remanence, high coercivity, high energy density, high Curie temperature, and low temperature coeffi-
cient. It is well suited for application to PM machines, which desire high power density, high efficiency,
and high stability. However, its cost is the key drawback. Particularly, the rare-earth element, samarium,
is very expensive.

e Neodymium-iron-boron (Nd-Fe-B): First produced in 1984, this rare-earth PM material has better mag-
netic properties than samarium-cobalt. Since neodymium is a relatively less expensive rare-earth ele-
ment, the corresponding cost becomes reasonable for application to PM machines. The relatively low
Curie temperature (345 °C) is the major concern, which limits its use for high-temperature applica-
tions. Currently, this PM material is almost exclusively used for EV motor drives. Because of such an
exponential growth in demand, the price is highly volatile, sometimes unreasonably expensive.

Figure 4.2 shows typical demagnetization characteristics of the above PM materials in which the rema-
nence, B, denotes the strength of the magnetic field produced, and the coercivity, H, denotes the resistance
to becoming demagnetized. The maximum product of an operating point on the characteristic is dubbed
as the energy product (BH),,,,, which actually represents the corresponding energy density. Additionally,
the PM properties are usually temperature-dependent, and vary according to the temperature coefficient.
Exposure to a temperature called the Curie temperature, 7., the PM material completely loses its magne-
tization. Therefore, the operating temperature range must be taken into account during the design of PM
machines. A brief summary of typical PM properties is given in Table 4.1.

4.2 System Configurations

The system configuration of PM brushless motor drives for electric propulsion is similar to that of induc-
tion motor drives. Major alternatives such as single-motor and multiple-motor configurations as well as
geared and gearless transmissions can be found. Basically, the single-motor system configuration consists
of a PM brushless machine, a voltage-fed inverter, an electronic controller, and some sensors as shown in
Figure 4.3. Nevertheless, there are some variations:
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Table 4.1 Properties of PM materials

Ferrite Alnico Sm-Co Nd-Fe-B
Remanence, B, (T) 0.43 1.25 1.21 1.47
Coercivity, H, (kA/m) 330 51 796 820
Energy product, (BH),,,, (kJ/m?) 44 271 422
Temperature coefficient of B, (%/°C) —0.18 —0.02 -0.03 —0.11
Temperature coefficient of H, (%/°C) 0.2 0.01 —-0.22 —0.65
Curie temperature, T, (°C) 450 860 825 345
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Figure 4.3 Basic configuration of PM brushless motor drive
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e When the PM brushless machine is designed with sinusoidal distribution of air-gap flux and distributed
arrangement of stator windings, the machine operates as a synchronous machine, the so-called PM
synchronous machine or PM brushless AC (BLAC) machine. Similar to that for induction motor drives,
the PM synchronous motor drive adopts sophisticated speed control strategies such as the field-oriented
control (FOC) and direct torque control, which generally demand an expensive position sensor such
as the absolute position encoder or resolver. Although this position sensor can be ignored theoretically
for open-loop operation, this strategy is seldom adopted for EV propulsion.

e When the PM brushless machine is designed with trapezoidal distribution of air-gap flux and concen-
trated arrangement of stator windings, the machine operates alike a DC machine but without brushes,
the so-called PM BLDC machine. The corresponding speed control is relatively simple in which the
stator currents are controlled in such a way that the rectangular current properly aligns with the trape-
zoidal flux. The position sensor is mandatory to ensure the synchronization of the current with the
flux. The resolution requirement of this position sensor is not demanding since only six commutation
instants are needed per electrical cycle. In general, a low-cost Hall position sensor is adopted.

4.3 PM Brushless Machines

The PM brushless machines have superseded induction machine in recent years, becoming the preferred
machines for EV propulsion. Their major advantages are as follows:

e Since the magnetic field is excited by high-energy PMs, the overall weight and volume can be signifi-
cantly reduced for a given output power, leading to higher power density.

e Because of the absence of rotor copper loss, they inherently offer higher efficiency.

e Since the heat mainly arises in the stator, it can be more efficiently dissipated to the surroundings,
leading to easier cooling.

e As the PM excitation has no risk of manufacturing defects, overheating, or mechanical damage, they
inherently offer higher reliability.

e Because of absence of copper windings in the rotor, they possess lower electromechanical time constant
and hence better dynamic response.

However, these machines still suffer from some drawbacks as follows:

e Since the high-energy PMs are based on rare-earth elements, the machine cost is much higher than that
of the induction counterpart.

e Asthe PMs are located in the rotor, the mechanical integrity of the rotor, especially the surface-mounted
PM type, has a problem for high-speed operation.

e Because of the inherently uncontrollable PM flux, the constant-power operation range is limited.

e In case the machine is not properly designed or operated, the PMs may be accidentally demagnetized
by high armature reaction field or under high operating temperatures.

The family of PM brushless machines has two main members: the PM synchronous machine and the
PM BLDC machine. The PM synchronous machine has been widely used for EV propulsion; meanwhile,
the PM BLDC machine is becoming attractive.

4.3.1 Structure of PM Brushless Machines

The basic structure of the PM brushless machine, including both the PM synchronous and PM BLDC
types, is depicted in Figure 4.4. It mainly consists of a stator incorporated with the three-phase armature
winding and a rotor incorporated with PM poles. Compared with the induction machine, it is relatively
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Figure 4.4 PM brushless machine exploded diagram

simpler because of the absence of cage bars and end-rings. In addition, since the associated heat loss in the
rotor is not significant, it generally does not require to mount fan blades on the rotor or shaft for forced-air
cooling.

4.3.1.1 PM Synchronous Machine Structure

By replacing the field winding of the wound-rotor synchronous machine with PM poles, the PM syn-
chronous machine can readily be generated. Similar to the conventional synchronous machine, the stator
has the three-phase distributed armature winding in the stator. When the armature winding is fed with
three-phase sinusoidal currents, a synchronously rotating sinusoidal air-gap flux is created. Hence, the
PM rotor with the same number of poles as the rotating air-gap flux always rotates in synchronism, which
depends on the applied frequency.

On the basis of the placement of PMs in the rotor, the PM synchronous machine can be further classified
as the surface-mounted, surface-inset, interior-radial, and interior-circumferential topologies while the
stator is the same as shown in Figure 4.5:

e For the surface-mounted topology as shown in Figure 4.5a, the PMs are simply glued on the rotor
surface using epoxy adhesive, thus offering the advantage of simplicity of manufacture. Since the per-
meability of PMs is near to that of air, the effective air-gap is the sum of the actual air-gap length and
the radial thickness of the PMs. Hence, the corresponding armature reaction field is small and the stator
winding inductance is low. However, since the d-axis and g-axis stator winding inductances are nearly
the same, its reluctance torque is almost zero. In addition, there is a possibility that the PMs may fly
apart during high-speed operation.

e For the surface-inset topology as shown in Figure 4.5b, the PMs are inset on the rotor surface. Thus, the
g-axis inductance becomes higher than the d-axis inductance, hence producing an additional reluctance
torque. In addition, since the PMs are inset in the rotor, it can offer better mechanical integrity than the
surface-mounted one to withstand the centrifugal force at high-speed operation.

e For the interior-radial topology as shown in Figure 4.5¢c, the PMs are radially magnetized and buried
inside the rotor. Compared with the surface-inset one, this topology enables the PMs well protected from
flying apart, thus further improving the mechanical integrity for high-speed operation. Also, because
of its d—q saliency, an additional reluctance torque is generated. Differing from the surface-inset one,
this interior-radial topology adopts linear PMs that are easier for insertion and are easily machinable.
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(a) (d)

()

Figure 4.5 PM synchronous machine topologies: (a) surface-mounted, (b) surface-inset, (c) interior-radial,
and (d) interior-circumferential

e For the interior-circumferential topology as shown in Figure 4.5d, the PMs are circumferentially mag-
netized and buried inside the rotor. It takes the definite advantage that the air-gap flux density can be
higher than the PM remanence, the so-called flux-focusing or flux-concentration. In addition, it holds
the merits of good mechanical integrity and additional reluctance torque. However, because of signifi-
cant flux leakage at the inner ends of PMs, a nonmagnetic shaft or collar is generally required, which
may degrade the torsional stiffness of the rotor shaft.

The above-mentioned inner-rotor PM synchronous machine topologies can readily be extended to the
outer-rotor ones. The principle of operation of the outer-rotor PM synchronous machine is the same as
the inner-rotor counterpart. The outer-rotor machine topology is particularly preferred to in-wheel drive
because the corresponding outer rotor has a large radial diameter which can accommodate a large number
of PM poles, hence offering low-speed high-torque direct-drive capability.

4.3.1.2 PM Brushless DC Machine Structure

By topologically inverting the stator and rotor of the PM DC machine, the PM BLDC machine can be
generated. The key is to use electronic commutation to replace the mechanical commutation. Hence, the
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most obvious advantage of the PM BLDC machine is the removal of commutator and brushes, leading to
eliminate many problems associated with them.

The PM BLDC machine has a similar structure as the PM synchronous machine, namely the three-phase
stator windings and PM rotor. However, the PM BLDC machine generally adopts the concentrated wind-
ing instead of the distributed winding, and has the trapezoidal air-gap flux density distribution instead
of the sinusoidal flux distribution. Because of the use of concentrated windings, the end-windings can
be significantly shortened, hence saving the copper material and associated copper loss. In general, the
PM BLDC machine adopts the surface-mounted PM rotor as depicted in Figure 4.6, which takes the
definite advantages of simplicity in both structure and control. Nevertheless, other types of PM rotors
such as the surface-inset, interior-radial, and interior-circumferential topologies can also be adopted, pro-
vided the air-gap flux density distribution is close to trapezoidal; otherwise, the torque production will be
deteriorated.

4.3.2  Principle of PM Brushless Machines

The principle of PM brushless machines, including the PM synchronous machine and the PM brushless
machine, needs to be separately described because they are very different. That is, the principle of PM
synchronous machine is based on the interaction of sinusoidal back electromotive force (EMF) waveforms
and sinusoidal armature current waveforms, whereas the principle of PM BLDC machine is based on the
interaction of trapezoidal back EMF waveforms and rectangular armature current waveforms.

4.3.2.1 PM Synchronous Machine Operation

The PM synchronous machine has the balanced three-phase sinusoidal distribution of air-gap flux and
sinusoidal distribution of armature winding. So, the three-phase induced back EMF waveforms can be
expressed as

e, =E, sin (wr) 4.1)
e, =E, sin (wt — 120%) (4.2)
e, =E, sin (ot — 240°) (4.3)

Figure 4.6 PM brushless DC machine topology
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where E,, is the amplitude of back EMF waveforms and w is the angular frequency. For proper operation,
the machine is fed by balanced three-phase sinusoidal currents as given by

i, =1, sin (ot — ) (4.4)
i, =1, sin (ot — 120° — ¢) (4.5)
i. =1, sin (wt —240° — ¢) (4.6)

where I, is the amplitude of current waveforms and ¢ is the phase difference between the current and
back EMF waveforms. Hence, as depicted in Figure 4.7, the converted electrical power can be calculated
by Nam (2010) as

m Im

P,=e,i,+eyi,+ei. = cos ¢ 4.7

Thus, the developed torque of this PM synchronous machine is given by

p, 3E,l,

, 2w,

cos ¢ 4.8)

e

which is constant at a given speed w,. Obviously, the developed torque can be maximized by controlling
the phase difference between the armature current and back EMF waveforms to be zero.

4.3.2.2 PM Brushless DC Machine Operation

The PM BLDC machine adopts the concentrated armature winding in the stator with 120° coil span. As
the PMs in the rotor cover 180° pole arc, the three-phase-induced back EMF waveforms are trapezoidal
with 120° flat top regions. For proper operation, the machine is generally fed by balanced three-phase
rectangular currents with 120° conduction periods, which coincide with the flat top regions of the back
EMF. As depicted in Figure 4.8, each phase power is simply equal to E, I,, over the conduction period of
120°, and zero over the nonconduction period of 60°. At each instant, one phase power is equal to zero,

€, i P a= eaiu
V\ Ph ! Ehjb
\ A - >

P,=P,+Py+P,

(B/2)E,dcos

Figure 4.7 Power production of PM synchronous machine
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Figure 4.8 Power production of PM brushless DC machine

while the other two phases are E, I,,. Hence, the converted electrical power is simply the summation of
all phase powers as given by Nam (2010) as

P,=e,i, +eyi,+ei. =2E,I, (4.9)

Thus, the developed torque of this PM BLDC machine can be expressed as

P@ ZEHIIHI
T,=—¢=mm (4.10)

e
wr a)r

which is constant at a given speed, w,. Differing from the PM synchronous machine, the PM BLDC
machine produces the maximum torque naturally.

On the basis of the same current rating of the power devices for the two types of PM brushless machines,
their current amplitudes are both equal to the current rating, Z,. Hence, the ratio of their power outputs
(PM BLDC power to PM synchronous power) can be easily deduced from Eqs. (4.7) and (4.9) as given by

2E, 1, 1.33

p tio = - 411
OO = B/DE, I cos g~ cos “.11)

which indicates that the PM BLDC machine can offer at least 33% higher power capability than the PM
synchronous machine.

On the basis of the same copper loss of the armature windings for the two types of PM brushless
machines (Krishnan, 2010), the current amplitude of the PM synchronous machine is /,, whereas the

current amplitude of the PM BLDC machine becomes (\/5 / 2)I,,. Hence, the corresponding ratio of their
power outputs is given by

2E,(V3/21, 115
(3/2)E, I cos¢  cos¢p

m-p
which indicates that the PM BLDC machine can offer at least 15% higher power density than the PM
synchronous machine.

Therefore, the PM BLDC machine can offer higher power density and hence higher torque density than
the PM synchronous machine by at least 15% or 33%.

Power ratio = (4.12)
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4.3.3 Modeling of PM Brushless Machines

Because of different operating waveforms, namely sinusoidal waveforms in the PM synchronous machine
and nonsinusoidal waveforms in the PM BLDC machine, the corresponding modeling techniques are
fundamentally different. In essence, the PM synchronous machine prefers to employ d—¢ coordination
transformation for modeling, whereas the PM BLDC machine prefers to use the state-space equation for
modeling.

4.3.3.1 PM Synchronous Machine Modeling

Figure 4.9 depicts a basic model of the three-phase PM synchronous machine in which the stator reference
axis is selected as the direction of maximum magnetomotive force (MMF) of Phase A, the direction of
PM flux is chosen as the d-axis of the rotor reference frame, and the angle of the rotor g-axis with respect
to the stator axis is defined as 6. The d—¢ frame is rotating at a speed of w, = df/dt, while the stator axes
are fixed in space.

Assuming that the voltage, current, and back EMF are sinusoidal as well as the magnetic saturation,
eddy currents, and hysteresis losses are negligible, the dynamic equation of this PM synchronous machine
model in terms of phase variables can be expressed as (Ohm, 2000)

v, =Ri, +pi,
v, = Ri, +pA, (4.13)
V. =Ri.+pi,

where v,, v,, and v, are the instantaneous three-phase stator voltages; i,, i,, and i, are the instanta-
neous three-phase stator currents; R is the armature resistance; and 4,, 4,, and A, are the instantaneous
three-phase flux linkages which can be written as

j’a = Laaia + Labib + Lacic + A’ma

Ap = Loy + Lyt + Lyde + Ay, (4.14)
/16 = Lacia + Lbcib + Lccic + Amc

g-axis

> A-axis

Figure 4.9 Basic model of PM synchronous machine
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where L; (i=a, b, c and j=a, b, ¢) are the mutual inductances which are symmetrical functions of angle
0, and 4,,,, 4,,, and 4,,. are the instantaneous three-phase PM flux linkages.

By applying the Park’s transformation to voltages, currents, and flux linkages in Egs. (4.13) and (4.14),
the dynamic equation can be written as

{vdzRid+pld—a)eﬂq 4.15)
v, =Ri,+pi,+ w4y

where v, and v, are, respectively, the d-axis and g-axis components of stator voltages, i, and i, are,
respectively, the d-axis and g-axis components of stator currents, and 4, and 4, are the d-axis and g-axis
components of flux linkages, which can be expressed as

{Ad=Ldid+/1m 4.16)
4y = Ly,

where L, and L, are called the d-axis and g-axis synchronous inductances, respectively and 4, is the PM
flux linkage. Substituting Eq. (4.16) into Eq. (4.15) yields

vy = (R+pL,) iy -, @17
v, = R+pL)i,+w,Lji; +®,4,

which constitutes to the dynamic equivalent circuit of this PM synchronous machine as shown in
Figure 4.10.
On the basis of the three-phase variables, the instantaneous input power P; of this machine is given by

P,=v,i, +vi,+v,.i. (4.18)

Va

Wy

weLgig

(M)
L

(b)

Figure 4.10 Equivalent circuit of PM synchronous machine
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which can be written in terms of d-axis and g-axis variables as
P.= 2(v,i ' 4.19
;= E(led +v,i,) (4.19)

The output power P, can be obtained by replacing v, and v, in Eq. (4.19) with the relevant voltages in
Eq. (4.17) and flux linkages in Eq. (4.16), which yields

3 . .
pP,= 5(—a)eﬂqld + o, A40,) (4.20)

Hence, the developed torque 7, is the output power divided by the mechanical speed of @, = @, / (P/2)
as given by
T, = 3P AQ L,—L)i,i 4.21
6—55( mlg + Ly — Ligl,) (4.21)

where P is the number of poles. It can be observed that the developed torque is composed of two torque
components. The first component corresponds to the reaction torque between the PM flux and g-axis
armature current, while the second component corresponds to the reluctance torque due to the difference
between d-axis and g-axis inductances.

4.3.3.2 PM Brushless DC Machine Modeling

Figure 4.11 shows the operating waveforms of the three-phase PM BLDC machine in which the back
EMF waveforms are trapezoidal, rather than sinusoidal. Thus, the d—¢ modeling technique developed for
the PM synchronous machine is not applicable. Since the flux linkage is nonsinusoidal, it is necessary to
derive the model of the PM brushless machine in terms of its state variables.

Assuming that the rotor-induced currents due to the stator harmonics are negligible, the dynamic
equation of this PM BLDC machine model can be expressed as (Pillay and Krishnan, 1988)

v,| [rRoOO][i Loy Loy L |[in] e

a a a a a
vo[=10 R O|[i,[+p| L Ly Ly ||is [ +] e, (4.22)
Ve 00R ic Lac Lbc Lcc ic €

where v, v, and v, are the instantaneous three-phase stator voltages; i,, i;, and i_ are the instantaneous
three-phase stator currents; e, ¢,, and e, are the instantaneous three-phase back EMFs; R is the armature

Figure 4.11 Operating waveforms of PM brushless DC machine
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resistance; and L (i=a,b,candj=

a, b, ¢) are the mutual inductances which are symmetrical. As the PM

BLDC machine generally adopts the surface-mounted PMs, there is no variation in the rotor reluctance
with respect to the position. Hence, the self-inductances of all phases are equal to L, and the mutual

inductances between phases are the

va
v, | =
vC
Since i, + i, + i, =0, ityields M
v,| [RO O]
vp|=[O0O RO
% 00R

same and equal to M. The dynamic equation can be written as

(R 0 0][i

c

B L MM| |i, e,
ORO||i,|+|M L M|p|i,|+]e, (4.23)
00 R||i, MM L i e,
i, + M i, =— M i, Thus, the dynamic equation can be rewritten as
i, (L-M) O 0 i, e,
i, [+ 0O «L-MmM O pli,|+]|e, (4.23)
i, 0 0 (L-M| |i e,

which indicates that the phase voltage equation of this PM BLDC machine is similar to the armature volt-
age equation of the PM DC machine. Consequently, the equivalent circuit of this PM BLDC machine is
depicted in Figure 4.12. Considering that all three phases are balanced and identical, a simplified equiva-
lent circuit of one phase is shown in Figure 4.13, where L, = (L — M) is the leakage inductance.

Figure 4.12 Equivalent circuit of PM brushless DC machine
R i L
AA——~
¢ C

|

Figure 4.13  Simplified equivalent circuit of PM brushless DC machine
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The developed torque 7, is the output power divided by the mechanical speed, which is given by

T = & _P e i, eyl + e,
w2

- (4.24)
a)e‘

where P is the number of poles. As each phase back EMF is a bipolar trapezoidal waveform displaced
by 120° (electrical), each current waveform needs to be 120° on positive and 120° on negative within a

period to ensure the synchronism and hence produce the desired steady torque without torque pulsations.

4.4 Inverters for PM Brushless Motors

While the PM synchronous motor and PM BLDC motor are fed by sinusoidal current and rectangular cur-
rent, respectively, the corresponding inverter topologies are essentially the same — a three-phase full-bridge
inverter. Nevertheless, their switching schemes are different, namely the pulse-width modulation (PWM)
control for BLAC operation of the PM synchronous motor, and the stepwise control for BLDC operation
of the PM BLDC motor.

4.4.1 Inverter Requirements

EV propulsion requires the motor drives offering four-quadrant characteristics for forward motoring, for-
ward regeneration, backward motoring, and backward regeneration. The definition of four quadrants and
the corresponding torque-speed characteristics are summarized in Table 4.2. Particularly, the forward
regeneration is essential to capture the braking energy which in turn charges the EV battery, leading to
increase the driving range per charge by over 10%.

Figure 4.14 shows the schematic of the permanent magnet brushless (PMBL) AC or DC motor drive
where the input voltage is the battery voltage, V., the input DC current /. is bidirectional, the motor speed
depends on the stator frequency, and its polarity is governed by the phase sequence. When the motor drive
operates at Quadrant I for forward motoring, the torque and speed are positive so that the input and output
powers of the inverter are positive. Thus, the average input DC current to the inverter has to be positive
since the battery voltage is naturally positive. As the motor speed is positive, the phase sequence of the
stator terminals is positive, namely, A-B-C. When the motor drive operates at Quadrant IV for forward

Table 4.2 Four-quadrant operation

Quadrant Torque Speed
Forward motoring 1 Positive Positive
Backward regeneration II Positive Negative
Backward motoring I Negative Negative
Forward regeneration v Negative Positive
Ilil: A
Vi | 3-phase B
full-bridge

| inverter 5

Figure 4.14 Schematic of PM brushless motor drive
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Table 4.3 Inverter requirements for four-quadrant operation

Quadrant  DC current  AC sequence

Forward motoring I Positive Positive
Backward regeneration II Negative Negative
Backward motoring 111 Positive Negative
Forward regeneration v Negative Positive

regeneration, the speed is positive but the torque is negative so that the input and output powers of the
inverter are negative. Thus, the average input DC current becomes negative so that the braking energy is
converted to charge the battery. As the motor speed is still positive, the stator phase sequence is positive.
The operations at Quadrants III and II are similar to that at Quadrants I and IV, respectively, except that
the motor speed is negative and the corresponding stator phase sequence is negative, namely, A-C-B. The
input DC current and stator AC phase sequence for four-quadrant operation of the PM BLAC or BLDC
motor drive are summarized in Table 4.3.

4.4.2 Switching Schemes for Brushless AC Operation

The power inverter topology used for the PM synchronous motor drive operating at the BLAC mode for EV
propulsion is essentially the same as that for the induction motor drive. That is, the preferred power inverter
is based on the voltage-fed full-bridge topology. As the inverter has to act on the commands of magnitude,
frequency, and phase of the output voltages and currents, there are various switching schemes to achieve
such control. Among them, the hysteresis current control and space-vector modulation are widely used
for the PM synchronous motor drive. Detailed discussion of these two PWM switching schemes can be
found in Section 3.3.1.

In the hysteresis current control scheme, the actual current is forced to track the reference current within
a hysteresis band. The switching frequency and peak-to-peak current ripple are governed by the width of
the hysteresis band. When the width of the hysteresis band increases, the switching frequency decreases
but the current ripple increases. On the other hand, when the hysteresis band decreases, the switching
frequency increases whereas the current ripple decreases, leading to a more sinusoidal current waveform
but associated with a higher switching loss. As a result, the width of the hysteresis band has to be properly
selected to compromise between the current harmonics and switching loss. Since the hysteresis current
control has the advantages of simple to implement, fast transient response, direct limitation of device
current, and practical insensitivity to machine parameters, it is widely adopted by the PM synchronous
motor drive for EV propulsion. However, its major drawbacks are the relatively high switching frequency
and hence high switching loss, and the time-varying switching frequency may result in undesirable current
harmonics.

In the space-vector modulation scheme, the three-phase voltage quantities (v,, v, v,.) are first combined
to derive a voltage space vector which is then resolved into any two adjacent active vectors: namely six
active vectors V,(100), V,(110), V;(010), V,(011), V5(001), V4(101) and two zero vectors V,(000) and
V7(1 11). The six nonzero vectors shape the axes of a hexagonal and the two zero vectors are at the origin
of the hexagon. Consequently, the voltage vector can be formulated in terms of the eight space vectors.
Therefore, rather than using a separate modulator for each of the three phases, the interaction between
the three phases is taken into account. The inverter not only controls the magnitude and angular velocity
but also the angular position of the voltage vector. This position variable is actually the key to offer the
advantages of lowering harmonics in both the output voltage and current as well as the switching loss.
Compared with the hysteresis current control, the space-vector modulation is more complicated to be
implemented.



84 Electric Vehicle Machines and Drives

r v;. ’.l Ia 1 I—| |_I

. i S
i v, ¥ —
g 4 . A 4
et Folaey 3 ing(‘)‘r Duration | t | Switching =] PWM
P . 5 el Vi a invi
i — v g 4y} calculator table L. table ;| Inverter
+5_ — f Ss
T
iy : B la_ ]
) dl’.-qb' ib
= a-b-c fe §
|~
PM
BLAC
0,

Figure 4.15 Implementation of space-vector modulation in PM synchronous motor drive

A generic implementation of space-vector modulation in the PM synchronous motor drive is shown
in Figure 4.15 (Krishnan, 2010). On the basis of the errors between the d-axis and g-axis current com-
mands and three-phase feedback currents, the d-axis and g-axis voltage commands in the rotor reference
frame are resulted. After coordinate transformation, the resulting voltage commands in the stator refer-
ence frame are fed into the space-vector calculator which in turn calculates the desired magnitude and
angle of the reference voltage vector at a given instant. Then, the sector is selected and the correspond-
ing time durations of the required two switching vectors and zero vector are retrieved from a predefined
table of durations. Consequently, the driving signals of power devices are extracted from another prede-
fined table of switching devices. Notice that the sampling time 7 is an optional input to the space-vector
calculator to enable varying the switching frequency when it is desirable.

4.4.3  Switching Schemes for Brushless DC Operation

The PM BLDC machine is driven by strokes in accordance with the rotor position. These strokes must be
properly applied to the active phases of the three-phase armature winding so that the angle between the
stator flux and the rotor flux is kept close to 90° to develop the maximum torque. There are two kinds of
switching schemes to drive this PM BLDC machine (Safi, Acarnley, and Jack, 1995; Hu, Sathiakumar,
and Shrivastava, 2009):

e Two-phase 120° conduction scheme
e Three-phase 180° conduction scheme.

In the two-phase 120° conduction scheme, at any instant, only two phases are conducted with the
conduction interval of 120° while the remaining phase is nonconducted as depicted in Figure 4.16. The
corresponding switching sequence is summarized in Table 4.4. For normal operation, the phase current
waveform is near rectangular in shape and easily reaches the current demand as shown in Figure 4.17.

In the three-phase 180° conduction scheme, at any instant, all three phases are conducted with the con-
duction interval of 180° as depicted in Figure 4.18. The corresponding switching sequence is summarized
in Table 4.5. For normal operation, the phase current waveform is near quasi-square in shape and easily
reaches the demanded current as shown in Figure 4.19.
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Figure 4.16 Current flow under two-phase 120° conduction scheme

Table 4.4 Switching sequence under two-phase
120° conduction scheme

Intervals (°) Devices on Phases A, B, C
0-60 S,. S, +,0, -
60-120 S5, S 0, +, —
120-180 S,, S, - +0
180-240 85,8, -0, +
240-300 S,, S 0, -+
300-360 S, 8 +,—,0
rF
/ Back EMF
120
B i Current
- - » Angle
0 180 360
L 1200 |

Figure 4.17 Phase back EMF and current waveforms under two-phase 120° conduction scheme
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Figure 4.18 Current flow under three-phase 180° conduction scheme

Table 4.5 Switching sequence under
three-phase 180° conduction scheme

Intervals (°) Devices on Phases A, B, C

0-60 S, S5, S, +, -+
60-120 S;» S5, Sg +, -, —
120-180 S,,5,, S +, +, —
180-240 S,. S5, S -+, -
240-300 S,. S, S, -+, +
300-360 S,, S5, S, - =+

A / Back EMF

Current

180°
- - » Angle
0 180 180° 360

\ 7>

Figure 4.19 Phase back EMF and current waveforms under three-phase 180° conduction scheme
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Between the 120° conduction and 180° conduction schemes, the former takes the advantage that it
yields the highest torque capability for the same peak phase current which can maximize the developed
torque and efficiency, whereas the latter requires only switching one device on or off in each switching
sequence which can minimize the switching loss and chance of short circuit. In the 180° conduction
scheme, as there are some intervals that the phase current is fed where the back EMF is not constant,
the corresponding torque ripple is larger than that in the 120° conduction scheme. Therefore, the 120°
conduction scheme is generally more preferable.

4.5 PM Brushless Motor Control

Since the operating waveforms of the PM synchronous and PM BLDC machines are different, the cor-
responding motor control strategies are naturally different. Essentially, the PM synchronous motor can
adopt those control strategies that have been developed for the induction motor because both types of
motors are based on sinusoidal waveforms, whereas the PM brushless motor needs to adopt dedicated
control strategies because of its nonsinusoidal operating waveforms.

4.5.1 PM Synchronous Motor Control

As mentioned earlier, the PM synchronous motor can adopt those sophisticated control strategies that have
been developed for the induction motor, such as the FOC and direct torque control. Between them, the FOC
has been widely applied to the PM synchronous motor for EV propulsion. Meanwhile, differing from the
induction motor, the PM synchronous motor adopts PM field excitation which is inherently uncontrollable.
In order to provide the constant-power operation for EV cruising, the flux-weakening control of the PM
synchronous motor is highly desirable. On the other hand, in order to get rid of the costly position encoder,
the position sensorless control has been actively developed for the PM synchronous motor. Therefore,
these three prominent control strategies will be discussed.

4.5.1.1 Field-Oriented Control of PM Synchronous Motor

The FOC of the PM synchronous motor is similar with that of the induction motor, except that their
torque-production mechanisms are different. Taking into account the inertia J and viscous friction B of
the entire system, the motion equation can be expressed as
dw
dt
where 7 is the mechanical load torque. Substituting Eqs. (4.17) and (4.21) into Eq. (4.25), the system
dynamics of the PM synchronous motor in the d—q frame can be deduced as illustrated in Figure 4.20.
In order to implement the FOC, the sensed currents are first transformed from the a—b—c frame into
the d—q frame. For such transformation, the flux angle 6, is required which is deduced from the position
sensor such as a position encoder or resolver. In general, the deviation between the reference speed and
feedback speed is used to deduce the g-axis current reference via the speed proportional-integral (PI)
regulator. Then, two PI controllers are used to regulate the d-axis current and g-axis current, hence the
flux and torque, respectively (Nam, 2010). Mathematically, the corresponding v, and v, are given by

vy =G, (i; —.id) - weL7iq 4.26)
v, =G, (i —i)+wlLi,+o,2,

T,=T,+J— + Bo, (4.25)

where G, and G, are the transfer functions of relevant PI controllers. Consequently, the resulting v, and
v, are fed into the space-vector PWM modulator to produce the desired switching signals for the power
inverter. The whole block diagram of this PM synchronous machine using FOC is shown in Figure 4.21.
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Figure 4.21 Field-oriented control of PM synchronous motor

4.5.1.2 Flux-Weakening Control of PM Synchronous Motor

At the base speed of the PM synchronous machine, the terminal voltage reaches the rated voltage. Since
the back EMF grows with the speed, the speed range can only be extended by reducing the air-gap flux,
the so-called flux-weakening operation. Thus, the torque decreases while the speed increases, leading to
keep the power constant, the so-called constant-power operation.

In order to realize the flux-weakening control of the PM synchronous motor, the current and voltage
vectors, as given by Eq. (4.17), should be controlled in such a way that the d-axis armature current is neg-
ative, while the g-axis armature current is positive. Figure 4.22 depicts the corresponding vectors when
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Figure 4.22 Current and voltage vectors of flux-weakening control of PM synchronous motor

iy, < Oandi, > 0.1t can be observed that the total flux linkage and hence the back EMF can be com-
pensated by the induced voltage with negative d-axis armature current (Schiferl and Lipo, 1990; Soong
and Ertugrul, 2002). Thus, by increasing i, in the negative direction, the back EMF can be significantly
weakened.

For high-speed operation, the voltage drop across the stator resistance is negligible. Thus, the
steady-state relationship of Eq. (4.17) can be written as

{vd =k .27)

v, = oL, + w4,

Taking V, as the rated voltage limit, the d- and g-axis voltages are governed by
Vit v, SV? (4.28)

Substituting Eq. (4.27) in Eq. (4.28) and expressing the PM flux linkage A,, as a product of d-axis induc-
tance L, and a virtual field current source i, it yields

(i, +i.)? i2
¢ <1 (4.29)
Vrz/(a)eLd)2 Vrz/(weLq)z

which represents a set of ellipses with different speeds. The higher the speed w,, the smaller the ellipse
is resulted (Nam, 2010), leading to shrink to the center (—if, 0) as depicted in Figure 4.23 in which the
d-axis and g-axis currents are also governed by the rated current /, as given by
i<l (4.30)
The intersection points of the ellipses and the circle represent the solution pairs of (i, i,) to achieve the
desired flux-weakening operation. It can be observed that when the speed becomes very high, the d-axis
current approaches — /. while the g-axis current approaches zero. Hence, using Eq. (4.16), the criterion
of offering flux-weakening operation at infinite speed can be deduced as

Ly,
=

1 (4.31)

m



90 Electric Vehicle Machines and Drives

g-axis
Speed 4

increasing 4
Current limit

Voltage limits

> d-axis
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Figure 4.24 Torque-speed capabilities of flux-weakening control of PM synchronous motor

Although it is possible to design the PM synchronous motor satisfying the above criterion, it is generally
withL, 1./ A, < 1because the d-axis inductance is relatively low as a consequence of the PM permeabil-
ity approximately equal to unity. Figure 4.24 depicts the torque-speed capabilities of the PM synchronous
motor beyond the base speed w,, at different values of the ratio L, 1,/ 4,,. It can be found that the higher the
ratio is adopted, the better the flux-weakening capability can be provided. In other words, if the PM flux
linkage is set to a high value in order to achieve a high torque capability at low speeds, the speed range
for flux-weakening operation will be sacrificed. On the other hand, if the rated current is very high, that
is the motor is liquid cooled, the criterion Eq. (4.31) will also be satisfied even for the surface-mounted
PM synchronous motor that has a low d-axis inductance and a high PM flux linkage. However, in general,
it is easier for the interior PM synchronous motor to satisfy the criterion because it has a higher d-axis
inductance.

4.5.1.3 Position Sensorless Control of PM Synchronous Motor

In general, the PM synchronous motor requires an accurate position sensor for the implementation of
sophisticated control strategies. This position sensor is usually based on an optical encoder or a resolver,
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which sometimes costs as much as a low-power machine. Hence, in recent years, the position sensorless
control of the PM synchronous motor has been actively developed, especially for those cost-sensitive
applications. However, the cost of position sensor for EV motor drives, especially the PM synchronous
motor drive, is relatively insignificant. The precision, reliability, and maturity of position sensorless tech-
nology are of concern. Therefore, the position sensorless technology is seldom adopted by the PM syn-
chronous motor for EV propulsion. Although the position sensorless control of the PM synchronous
motor is not highly desirable for EV propulsion, the corresponding technology can be considered as a
fault-tolerant control during sensor failure.

There are many position sensorless techniques that have been developed for the PM synchronous motor.
These techniques can be classified by various ways (Li and Zhu, 2008). Typically, they can be classified
into four main methods (Krishnan, 2010):

Current model adaptive scheme
External signal injection scheme
Current model-based injection scheme
PWM carrier component scheme

4.5.2 PM Brushless DC Motor Control

As the PM BLDC motor is driven when the stator flux and the rotor flux is kept close to 90°, it can readily
produce the maximum torque per ampere in the region of constant-torque operation. This enables the PM
BLDC motor taking a definite advantage over the PM synchronous motor which relies on using the d—¢q
coordinate transformation. However, in the absence of d—¢q coordinate transformation or FOC, the control
scheme for constant-power operation of the PM BLDC motor is much more complicated than that of
the PM synchronous motor (Chan et al., 1998). Thus, the phase-advance angle control will be discussed
which can enable the PM BLDC motor offering constant-power operation for EV cruising. Meanwhile,
as the position sensorless control has been actively developed for the PM BLDC motor, it will also be
briefed for possible application to EVs.

4.5.2.1 Phase-Advance Angle Control of PM Brushless DC Motor

When the PM BLDC motor operates at speeds higher than the base speed, it runs out of time to enable the
phase current reaching the desired level because of the small difference between the applied voltage and
back EMF (Safi, Acarnley, and Jack, 1995; Chan et al., 1996). At this speed, the phase current may just
reach the desired level and then be turned off at the end of the conduction period. By purposely advancing
the turn-on angle of the phase current, dubbed as the phase-advance angle control, the phase current can
have sufficient time to rise up and keep the current in phase with the back EMF under high-speed operation.
Figure 4.25 illustrates the effect of phase-advance angle control. It can be found that the constant-power
operation region can be significantly extended by gradually increasing the phase-advance angle.

This phase-advance angle control can be explained by using the voltage equation of the jth phase as
given by

G-Dr . G-Dn=
vj<a)t+90— 3 >=sz<cot+00— 3 )

di; G-Dx G-Dx
J
+LE (a)t+90 - T) +e (a)t— 3 ) (4.32)

J

where j =1-3, v; is the applied voltage, i; is the phase current, ¢; is the back EMF, R is the phase resis-
tance, L is the phase self-inductance, and 6,, is the phase-advance angle or called the advanced conduction
angle of the applied voltage leading ahead the back EMF. The control mechanism is to purposely employ
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Figure 4.25 Torque-speed capabilities of phase-advance angle control of PM brushless DC motor

the inductance EMF across the phase self-inductance (L 9ii/4) to counteract the back EMF, which may
be even larger than the applied voltage at high speeds. This inductance EMF, proportional to the deriva-
tive of phase current, is controlled by the phase-advance angle. When this angle has a suitable positive
value, at the beginning of conduction with a lower back EMF, the phase current quickly rises up and the
inductance EMF is positive, which indicates that electromagnetic energy is stored in the phase winding.
The phase current reaches the maximum value when the back EMF equals the applied voltage. After that,
the back EMF is larger than the applied voltage. The phase winding begins to release the electromagnetic
energy and the phase current decreases gradually. Since the corresponding inductance EMF becomes
negative, it assists the applied voltage to counteract the back EMF. By varying the phase-advance angle,
the phase current waveform is shaped in such a way that the phase current is properly regulated. There-
fore, this phase-advance angle control can produce an equivalent flux-weakening effect to achieve the
constant-power operation of the PM BLDC motor.

Between the 120° conduction and 180° conduction schemes for the PM BLDC motor, the former takes
the advantage of higher torque capability at speeds below the base speed, whereas the latter has better
constant-power operation performance at speeds higher than the base speed since it virtually extends the
interval for which the phase winding is excited. Figure 4.26 compares the torque-speed capabilities of the
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Figure 4.26 Comparison of torque-speed capabilities of two conduction schemes of PM brushless DC motor
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PM BLDC motor using the 120° conduction and 180° conduction schemes with the use of phase-advance
angle control for operating speeds above the base speed. It confirms that the 180° conduction scheme is
more suitable for constant-power operation (Zhu and Howe, 2007).

4.5.2.2 Position Sensorless Control of PM Brushless DC Motor

Similar to the PM synchronous motor, the PM BLDC motor requires a position sensor to obtain the
rotor position information in order to perform electronic commutation properly. Differing from the PM
synchronous motor, which desires accurate position sensing using an encoder or a resolver, the PM BLDC
motor usually requires a less demanding one, either a three-element Hall-effect or optical sensor. Thus,
the position sensorless control of the PM BLDC motor is less desirable than that of the PM synchronous
motor. Taking into account the fact that the cost of such position sensor is insignificant as compared
with the total cost of the EV motor drive, the use of position sensorless control for the PM BLDC motor
in EVs is not attractive. Nevertheless, the position sensorless technology can be considered useful for
fault-tolerant control of the PM BLDC motor during sensor failure.

There are many position sensorless techniques that have been developed to estimate the commutation
signals for the PM BLDC motor (Kim, Lee, and Ehsani, 2007). Typically, they can roughly be classified
into five main methods (Krishnan, 2010):

e Estimation using machine model

e Induced EMF from sensing coils

e Inactive phase EMF sensing

e Third harmonic-induced EMF detection
e Artificial intelligent control.

4.6 Design Criteria of PM Brushless Motor Drives for EVs

PM brushless motors have become the preferred choice for EV propulsion because of their high efficiency
and high power density. The key drawback of these motors is the expensive PM material. Thus, it is
essential to use as little PM material as possible in order to reduce the cost without sacrificing the motor
performance. In recent years, finite element analysis has been extensively used for PM motor designs
(Rasmussen et al., 2000). However, the preliminary motor dimensions should first be determined before
one can proceed to finite element analysis; otherwise, the design process will be ad-hoc and tedious.

The sizing of PMs is one of the critical tasks of PM brushless motor design. Some analytical approaches
have been developed to calculate the volume and size of PMs (Gieras and Wing, 2002), which can serve
as a preliminary design for finite element analysis. As detailed in Mi (2006), the total PM volume V,,
required for the PM synchronous machine can be estimated by

v, = €yt 4.33
m— >V f Br Hc ( . )

where Cy, is a coefficient which is in the range of 0.54-3.1 with a typical value of 2, P, is the input power,
f1is the supply frequency, B, is the PM remanence, and H.. is the PM coercivity. When the motor adopts
a series-magnet structure such as the surface-mounted, surface-inset, or interior-radial PM structures, the
thickness (or height) 4,, of each PM pole is given by

K F
Kvaad

hm= s /
Hc

(4.34)

where K| is the safety ratio, which can be chosen as 1.1, K, is the maximum possible per-unit arma-
ture current, which is in the range of 4-8, F,_, is the d-axis armature reaction MMF, and H; is the



94 Electric Vehicle Machines and Drives

PM coercivity at the maximum operating temperature. On the other hand, when the motor adopts a
parallel-magnet structure such as the interior-circumferential PM structure, the corresponding thickness
is halved. Consequently, when the PMs are rectangular in shape, no matter for the series-magnet or
parallel-magnet structure, the width (or breadth) b,, of each PM pole is given by

b, = Vo (4.35)
™ 2ph, | ’

m-e

where p is the number of pole-pairs and /, is the effective PM length along the shaft direction, which is
usually the same as the rotor stack length. If the motor adopts a series-magnet structure with arc-shaped
PMs rather than rectangular PMs, the PM width will be accordingly represented by a PM radius or roughly
labeled by the average width. Furthermore, for the PM BLDC machine, the volume and dimensions of
PMs can be derived similarly.

The split ratio, the ratio of the stator inside diameter to the stator outside diameter, is another important
design parameter for PM brushless machines, because it can significantly influence the corresponding
torque capability and efficiency. The optimal split ratio for both the PM synchronous and BLDC machines
has been analytically derived, which takes into account the influence of the winding disposition, air-gap
flux density distribution, back EMF waveform, stator tooth-tip and end-winding (Pang, Zhu, and Howe,
2000).

When the PM brushless motor is designed to operate at the BLAC mode, it is the PM synchronous
motor where the PM flux linkage and back EMF are sinusoidal. Assuming that the winding resistance is
negligible, the output power P can be expressed as

T
pP= n% / e(n)i(tdt = n%E,,,I,,, (4.36)

where 7 is the efficiency, m is the number of phases, 7 is the period of back EMF, e(r) and i(¢) are respec-
tively the instantaneous value of back EMF and phase current, and E,, and /,, are respectively the amplitude
of back EMF and phase current of the armature winding. The flux linkage of PMs on the armature winding
Wpm can be expressed as

Wom = W, cos(x0,/0.,) = y,, cos(pb,) (4.37)

where y,, is the amplitude of PM flux linkage, 0, is the angle of rotor position, p is the number of PM
pole-pairs, and @, is the PM pole-pitch. And, y,, can be expressed as

W, = \fzikwNphBDsile (4.38)

where k,, and N, are respectively the winding factor and number of turns of the armature winding, B is
the magnetic loading, Dy is the stator inside diameter, and /, is the effective axial length. Hence, e can be
deduced as

et) = —dy,, /dt = V2N o,k BID; sin(p6,) (4.39)
where , is the rotor speed. The corresponding amplitude E,, is given by
E, = V2N,0,k,BID; (4.40)
On the other hand, the current amplitude /,, can be deduced as

o V2AzD,

= 441
" 2mN,, 441
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where A is the electric loading. Therefore, based on Egs. (4.36)—(4.41), P can be rewritten as

P= %nkwABDzAl w (4.42)

s1er

Therefore, the output torque 7 can be obtained as

sie

T= %nkWABD?l (4.43)

In order to investigate the influence of split ratio on the output torque, the magnetic and electric
loadings should be expressed in terms of size parameters. Thus, the amplitude of magnetic loading B,,
is expressed as

B, = %Bpm sin <%a[,) (4.44)

where a,, is the pole-arc factor of PMs and B,,,, is the operating point of PMs at no load. In addition, B,

is constrained by ;
8
(4.45)

Bpm

where p, is the relative permeability of PMs, B, is the remanence of PMs, [, is the air-gap length, and £,
is the thickness of PMs. On the other hand, the electric loading can be expressed as
JA kN,
A=

stpt Vs
_ 4.46
) (4.46)

si

where J is the stator slot current density, k, is the slot packing factor, N is the number of stator slots,
and A is the stator slot area which is given by

”Dgo th ’ Dsi : Dso_Dsi
A =4 0(_ Y (1 Y Y (e ke (4.47)
4Ns Dso Dso 2

where /. is the stator yoke thickness and w, is the stator tooth width. The tooth width and yoke thickness
of the stator can be expressed as

_ 1B, Dy
' ‘ ZBmax p

(4.48)

where B, ,, is the maximum magnetic flux density allowable in the stator core. Substituting Eq. (4.48)
into Eq. (4.47), the stator slot area can be obtained as

2 2
L Y TNAYER RN A TEN
41\]5‘ p p p” BmﬂX p” Bmax DSO
(22 (B (Ba) 4y (4.49)
P pr) \ By ) \ Dy '

And, Dy is constrained by

Dy = Dy, +2h, +2h,, +21, (4.50)

where D, is the shaft diameter and £, is the rotor yoke thickness.

Substituting Eqs. (4.44), (4.46), and (4.50) into Eq. (4.43), the variation of output torque with respect to
the split ratio D; /D, can be obtained. In general, there is an optimal split ratio for the maximum output
torque, which corresponds to a particular magnetic loading. When the PM brushless motor is designed to
operate at the BLDC mode, the optimal split ratio can also be derived in a similar manner.
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Recently, the double-stator PM brushless motor has been actively developed for EV application because
it can offer exceptionally high torque density (Niu, Chau, and Yu, 2009). From the structural point of view,
the double-stator PM brushless motor is composed of two coaxial PM brushless motors: its inner motor is
an outer-rotor PM brushless motor, while its outer motor is a conventional PM brushless motor. Its total
output torque is the resultant of the torque components produced by the interactions of the inner and outer
armature windings with the inner and outer air-gap flux densities, respectively. Thus, the aforementioned
design criteria for the optimal split ratio of a conventional PM brushless motor can readily be extended to
the double-stator PM brushless motor to achieve the maximum torque density (Wang et al., 2011).

4.7 Design Examples of PM Brushless Motor Drives for EVs

Because of inherently high power density and high torque density, PM brushless motor drives are par-
ticularly attractive for in-wheel drive where the usable space to accommodate the motor drive is highly
limited. There are two major types of in-wheel drives: a high-speed motor coupled with a built-in reduc-
tion gear and a low-speed outer-rotor direct-drive motor. Therefore, two PM brushless motor drives,
the planetary-geared PM synchronous motor drive and the outer-rotor PM BLDC motor drive, will be
designed and analyzed for exemplification.

4.7.1 Planetary-Geared PM Synchronous Motor Drive

When the PM synchronous motor is designed for high-speed operation, the required size and weight can
be significantly reduced, leading to achieve high power density and high torque density. Meanwhile, in
order to match the motor speed and the wheel speed, a single-step planetary gear is integrated with the
motor in such a way that the sun gear is coupled with the PM rotor and the ring gear is mounted with the
wheel rim. Of course, the overall power density and torque density of this PM synchronous motor drive,
including the high-speed motor and planetary gear, should be higher than those of a low-speed direct-drive
PM synchronous motor drive.

On the basis of the requirements of a typical passenger EV, the specifications of the planetary-geared
PM synchronous motor drive are listed in Table 4.6.

Aiming to have a simple and robust structure to withstand high-speed operation, the three-phase
four-pole interior-radial PM synchronous machine topology is adopted. Figure 4.27 shows its exploded
diagram. On the basis of the specifications, the geometric dimensions and parameters of this motor can
be initialized as listed in Table 4.7.

In order to take into account the saturation and fringing effects, the finite element analysis is extensively
used for PM brushless motor designs. The electromagnetic field distribution of the PM synchronous motor
at the rated condition is shown in Figure 4.28. It can be observed that when the armature current density
is equal to 4.2 A/mm?, there is no significant magnetic saturation.

Table 4.6 Specifications of planetary-geared
PM synchronous motor drive

DC voltage 360V

Rated power 6.3kW

Rated speed 3000 rpm
Rated torque 20N m
Constant-torque operation 0-3000 rpm
Constant-power operation 3000-9000 rpm

Gear ratio 10:1
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Figure 4.27 Three-phase four-pole interior-radial PM synchronous motor

Table 4.7 Initialization of PM synchronous motor design

Phase number
Pole number
Slot number

Stator outside diameter

Rotor diameter

Shaft diameter
Air-gap length

Core length

Stator yoke thickness
Rotor yoke thickness
PM dimensions
Turns per slot
Slot-fill factor
Lamination material

3

4

36

140 mm
76.4 mm
22.9 mm
0.3 mm
100 mm
12mm
7.5 mm
3.82%30.6 X 100 mm?
28

60%
35JN210

Figure 4.28 Electromagnetic field distribution of PM synchronous motor
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Figure 4.29 Static characteristics of torque and efficiency versus current of PM synchronous motor drive
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Figure 4.30 Torque-speed capability of PM synchronous motor drive

The static characteristics of the designed motor drive, namely the static torque and efficiency versus the
armature current, are assessed. As plotted in Figure 4.29, when the armature current amplitude is equal
to the rated value of 18.3 A, the resulting torque can reach the desired value of 20 N m. Because of the
absence of rotor copper loss, the motor can maintain a high efficiency, mostly beyond 95% for normal
operation. Notice that if the transmission loss of the planetary gear is taken into account, the overall
efficiency will be somewhat reduced, generally still above 90%. Consequently, the operating regions of
the designed motor drive, including both the constant-torque operation and constant-power operation, are
assessed. The corresponding torque-speed capability is shown in Figure 4.30 in which the constant-power
operation is realized by gradually weakening the air-gap flux beginning from 0.01 Wb with the increase
of motor speed. It can be observed that the motor drive can provide constant-torque operation with the
rated torque of 20 Nm from O to 3000 rpm. In addition, by employing flux-weakening control, it can
significantly extend the speed range for constant-power operation with the rated power of 6.3kW from
3000 to 9000 rpm, which is highly favorable for EV application.
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Figure 4.31 Transient responses of PM synchronous motor drive (a) speed, (b) torque, and (c) current

In order to evaluate the transient responses of the designed motor drive, it is first started up at no-load to
the speed of 3000 rpm. After reaching the steady state, a half-load torque of 10 N m is suddenly applied.
Then, after reaching the new steady state, a full-load torque of 20 N m is suddenly applied. As illustrated in
Figure 4.31, it can be observed that the required start-up time is about 0.73 seconds, and the response time
to sudden load changes is very short. In addition, the torque ripple at the rated torque is within 20%, which
is very acceptable. Such low-percentage torque ripple is mainly due to the inherent feature of sinusoidal
current and flux waveforms.
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Figure 4.32 Efficiency map of PM synchronous motor drive

Differing from conventional motor drives, an EV motor drive needs to offer a good efficiency map,
rather than an optimal efficiency point. The efficiency map of the designed motor drive embracing the
entire operating region is plotted in Figure 4.32, where the contours on the torque-speed plane represent
the operating efficiencies. It can be observed that most areas of the operating region can offer efficiencies
higher than 90%, which is actually one of the key merits of the PM synchronous motor drive.

4.7.2  Outer-Rotor PM Brushless DC Motor Drive

As derived in Egs. (4.11) and (4.12), the PM BLDC motor can offer higher power density and hence higher
torque density than the PM synchronous motor by at least 15% or 33%. Hence, the PM BLDC motor is
very attractive for in-wheel direct-drive application. To facilitate direct coupling between the rotor and
rim, the outer-rotor PM BLDC motor drive is preferred.

On the basis of the requirements of a typical passenger EV, the specifications of the outer-rotor PM
BLDC motor drive are listed in Table 4.8.

Table 4.8 Specifications of outer-rotor PM
brushless DC motor drive

DC voltage 360V
Rated power 6.3kW
Rated speed 300 rpm
Rated torque 200N m
Constant-torque operation 0-300 rpm

Constant-power operation 300-900 rpm
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Figure 4.33 Three-phase 38-pole surface-mounted PM brushless DC motor

Table 4.9 Initialization of PM brushless DC
motor design

Phase number 3

Pole number 38

Slot number 36

Rotor outside diameter 250 mm
Stator diameter 207.4 mm
Shaft diameter 80 mm
Air-gap length 0.3 mm
Core length 100 mm
Stator yoke thickness 20 mm
Rotor yoke thickness 15 mm
PM dimensions 17.7 X 6 x 100 mm>
Turns per slot 48
Slot-fill factor 60%
Lamination material 35JN210

In order to provide the desired low-speed direct-drive operation, a large number of PM poles are
required. Thus, the three-phase 38-pole surface-mounted PM BLDC machine topology is adopted.
Figure 4.33 shows its exploded diagram. On the basis of the specifications, the geometric dimensions
and parameters of this motor can be initialized as listed in Table 4.9. On the inner rotor surface, there are
38 PM pieces mounted alternately to form 38 poles, and two adjacent poles make up a pair of poles so
that the flux paths of different pole pairs are independent. This multipole magnetic circuit arrangement
enables to reduce the magnetic iron yoke, resulting in the reduction of volume and weight. The coil span
of the armature winding in the stator is designed to be equal to the slot pitch, thus the end-winding and
hence copper material can be significantly reduced, leading to further reduction of volume and weight.
By using the fractional number of slots per pole per phase, the magnetic force between the stator and
rotor at any rotating position is uniform, thus minimizing the cogging torque that usually occurred in PM
BLDC motors (Wang et al., 2002).
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Figure 4.34 Electromagnetic field distribution of PM brushless DC motor
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Figure 4.35 Static characteristics of torque and efficiency versus current of PM brushless DC motor drive

Firstly, the electromagnetic field distribution of the PM BLDC motor at the rated condition is analyzed
as shown in Figure 4.34. It can be observed that when the armature current density is equal to 5.7 A/mm?,
there is no significant magnetic saturation. Then, the static torque and efficiency versus the armature
current amplitude are plotted in Figure 4.35. It can be found that when the armature current amplitude is
equal to the rated value of 18.2 A, the resulting torque can reach the desired value of 200 N m. Meanwhile,
the motor can maintain a high efficiency, mostly beyond 90%, for normal operation. It should be noted
that the efficiency of this PM BLDC motor drive is slightly lower than the previous PM synchronous
motor drive because of the higher copper loss under the low-speed design. Nevertheless, because of the
absence of gear loss, the overall efficiency of this PM BLDC motor drive is similar to that of the previous
PM synchronous motor drive.
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Figure 4.36  Torque-speed capability of PM brushless DC motor drive

Consequently, the torque-speed capability of the designed motor drive, including both the
constant-torque operation and constant-power operation, is shown in Figure 4.36. It can be found
that the motor drive can provide constant-torque operation with the rated torque of 200 Nm from 0 to
300 rpm, and constant-power operation with the rated power of 6.3 kW from 300 to 900 rpm. Meanwhile,
by using the phase-advance angle control, the motor drive can significantly extend the speed range for
constant-power operation, which is highly favorable for EV application.

The transient responses of the designed PM BLDC motor drive is shown in Figure 4.37, where the
motor is first started up at no-load to the speed of 300 rpm, then to a sudden half-load torque of 100 N m,
and finally to a sudden full-load torque of 200 N m. It can be observed that the required start-up time and
the response time to sudden load changes are very short. It should be noted that the required start-up time
of this PM BLDC motor drive is much shorter than that of the previous PM synchronous motor drive,
which is simply due to its much larger starting torque under the same no-load torque. When taking into
account the gearing effect, their response times should be similar. On the other hand, it can be found that
the torque ripple of the PM BLDC motor is higher than that of the previous PM synchronous motor drive,
which is actually due to the finite time for nonideal rectangular current commutation.

Finally, the efficiency map of the designed PM BLDC motor drive embracing the entire operating region
is plotted in Figure 4.38. As expected, most areas of the operating region can offer efficiencies higher than
90%, which is highly desirable for EV propulsion.

4.8 Application Examples of PM Brushless Motor Drives in EVs

The Nissan Leaf, which stands for a Leading, Environmentally friendly, Affordable, Family car, is a
five-door hatchback EV introduced by Nissan in 2010 as shown in Figure 4.39. Currently, it has the
largest market share of worldwide EVs sold since 2010. Using its on-board 24 kW h lithium-ion battery, it
can offer a driving range of 135 km per charge based on the US Environmental Protection Agency (EPA)
profile. The corresponding propulsion system adopts an 80 kW and 254 N m front-axle PM synchronous
motor drive (Nissan, 2014). With the single-speed transmission, it can offer the top speed of over 150 km/h.

The Smart Fortwo Electric Drive (ED) was launched in 2007, which is an electric version of the conven-
tional Smart Fortwo. Daimler AG plans to mass-produce it with availability in major markets worldwide.
As shown in Figure 4.40, it features a 55 kW PM BLDC motor drive, which can offer the top speed of
120 km/h with the single-speed transmission (Millikin, 2011). On the basis of a lithium-ion battery pack of
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Figure 4.37 Transient responses of PM brushless DC motor drive: (a) speed, (b) torque, and (c) current

17.6 kW h, it can run 140 km per charge. With the torque of 130 N m, it can accelerate from 0 to 100 km/h
in 11.5 seconds, which is essentially on par with that of the conventional Smart Fortwo.

4.9 Preferred Technology for EVs?

Among the three main types of commercially available EV motor drives, namely the DC, induction, and
PM brushless, the PM brushless motor drives take the definite advantages of higher efficiency, higher
power density, and higher torque density, which are highly desirable for EV propulsion. Currently, there
is no doubt that the PM brushless motor drives are the preferred technology for EVs.
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Figure 4.39 Nissan Leaf

Between the two members of PM brushless motor drives, the PM synchronous motor drive is more
mature than the PM BLDC motor drive while they have their individual merits. That is, the PM syn-
chronous motor drive has relatively higher efficiency and lower torque ripple, whereas the PM BLDC
motor drive has relatively higher power density and higher torque density. It is anticipated that both mem-
bers will equally share the market of PM brushless motor drives.

The development of PM brushless motor drives heavily depends on the PM materials. In recent years,
because of the high initial cost, shortage of supply, and thermal stability problem of PM materials, the
rapid development of PM brushless motor drives has been quenched, leading to open up two new research
and development directions for EV motor drives: the stator-PM motor drives and advanced magnetless
motor drives. Nevertheless, the development of PM brushless motor drives is being further extended to
the double-stator topologies to achieve exceptionally high torque density for EVs or the double-rotor
topologies to achieve power splitting for hybrid EVs.
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Figure 4.40 Smart Fortwo ED (Source: Courtesy Wikimedia Commons, http://en.wikipedia.org/wiki/Smart_
Fortwo_ed#mediaviewer/File:2013_Smart_Fortwo_Electric_Drive_--_2012_NYIAS.JPG)
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Switched Reluctance Motor Drives

The switched reluctance (SR) machine is a specific kind of doubly salient machine. The earliest recorded
one was built by Davidson in Scotland in 1838 to propel a locomotive. The SR motor drive could not
provide its full potential until the advent of power electronics, digital control, and sensory circuitry. The
modern SR motor drive is becoming attractive for electric vehicle (EV) propulsion because of its low
system cost, robust machine structure, reliable converter topology, control simplicity, and high efficiency.
On the other hand, it suffers from the drawbacks of large torque ripple, high machine nonlinearities, and
annoying acoustic noise.

In this chapter, the SR motor drives, including their system configurations, SR machines, SR converters,
and control strategies, are discussed. The corresponding design criteria, design examples, and application
examples for EV propulsion are also provided.

5.1 System Configurations

In general, the SR motor drive consists of four main components: the SR machine, SR converter, sensor,
and controller as shown in Figure 5.1. Among them, the SR machine plays a key role, that is, conversion
of electrical energy into mechanical motion. Meanwhile, the SR converter is powered by a DC source, a
DC link, or a battery pack, and the SR machine is fed by the SR converter, which is generally different
from the inverter adopted by AC machines. The controller feeds driving signals to the power devices of the
converter in accordance with the command signal, control algorithm, and sensory feedback. Consequently,
with the use of proper control strategies, high performance can be achieved in the SR motor drive.

For EV propulsion, the system configuration of the SR motor drive can be single-motor or
multiple-motor. The former adopts a single motor to propel the driving wheels, whereas the latter uses
multiple motors to independently drive individual wheels. As shown in Figure 5.2, the single-motor
configuration has the merits of using only one SR machine and one SR converter, which can minimize
the corresponding size, weight, and cost. Of course, the SR machine and converter have to be designed to
provide the desired capabilities for vehicular operation. Since a differential is needed to adjust the relative
speeds of the driving wheels for rounding a curved road, the use of mechanical gearing is inevitable. The
SR machine is normally designed for high-speed operation, typically over 10000 rpm, so as to reduce
the size and weight. In order to match the wheel speed, typically less than 1000 rpm, a fixed gear (FG) is
usually employed to step down the SR motor speed by about 10 times.

Compared with the induction and permanent magnet (PM) brushless machines, the SR machine takes
the definite advantages of robust structure and heat tolerance, especially the absence of copper wind-
ings or PMs in the rotor. Thus, it is becoming attractive to adopt the multiple-motor configuration of

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 5.3 Dual-motor SR motor drive configurations for EV propulsion: (a) high-speed geared structure and
(b) low-speed gearless structure

SR motor drives for in-wheel EV propulsion. In general, either quad-motor configuration or dual-motor
configuration is adopted for passenger cars. The dual-motor one is preferred when taking into account
the system complexity and cost. As shown in Figure 5.3, the dual-motor configuration employs two SR
machines to separately power two driving wheels. Since the two motors are independently controlled,
the differential action can be electronically achieved, hence eliminating the bulky and heavy differential.
While each SR machine equally shares the desired capabilities for vehicular operation, the machine can
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adopt two different designs: the high-speed geared topology and the low-speed gearless topology. The
former usually adopts the inner-rotor structure to achieve high-speed operation and then drives the wheel
via a planetary gear (PG), whereas the latter usually adopts the outer-rotor structure to directly drive the
wheel without gearing. Since the rotor of both structures is free from copper windings or PMs, the SR
motor drive offers outstanding mechanical integrity, which is highly desirable for in-wheel EV propulsion.

5.2 SR Machines

The SR machine has a simple, robust, and low-cost structure. Unlike the induction and PM brushless
machines, it is particularly suitable for high-speed operation without suffering from mechanical failure due
to high centrifugal force. Meanwhile, it is also very suitable for in-wheel drive due to its high mechanical
integrity. However, the SR machine generally suffers from lower torque density, higher torque ripple, and
larger acoustic noise than its counterparts do.

5.2.1 Structure of SR Machines

The SR machine has salient poles, actually teeth, on both the stator and rotor as shown in Figure 5.4 in
which it has installed multiphase concentrated windings in the stator, but with no copper winding or PM
piece in the rotor. There are many possible topological structures for the SR machine, mainly depending
on the number of phases as well as the numbers of stator and rotor poles.

Figure 5.5 shows two basic SR machine topologies: the three-phase 6/4-pole topology, which has
six stator poles and four rotor poles and the four-phase 8/6-pole topology, which has eight stator poles
and six rotor poles. The three-phase 6/4-pole SR machine has the advantages of lower cost and better
phase-advancing capability for high-speed operation. However, it suffers from higher torque ripple and
acoustic noise. On the other hand, the four-phase 8/6-pole SR machine has better starting torque and lower
torque ripple, but requires more power devices and involves higher converter cost.

In order to improve the torque density, the SR machine can adopt multiple teeth per stator pole (Miller,
1993). Figure 5.6 shows a three-phase 12/10-pole SR machine with two teeth per stator pole. It is based

Stator

Winding

Rotor

Shaft

Figure 5.4 SR machine exploded diagram
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Figure 5.5 Basic SR machine topologies: (a) three-phase 6/4-pole and (b) four-phase 8/6-pole

Figure 5.6 Three-phase 12/10-pole multi-tooth SR machine topology
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Figure 5.7 Three-phase 6/8-pole outer-rotor SR machine topology

on the principle that the use of two stator teeth can theoretically double the torque production under
the same electric loading. However, practically, the multi-tooth structure leads to a reduction of area for
copper windings and a decrease in the inductance difference between the aligned and unaligned positions,
which in turn decrease the torque production. Since this structure generally offers a smaller step angle, it
essentially increases the switching frequency and hence the core losses. Therefore, the benefit on using
multiple teeth per stator pole to improve the torque density should be limited to low-speed design such as
for direct-drive EV propulsion.

Because of the merits of robust structure, heat tolerance, and flexible shape, the SR machine is attractive
for in-wheel drive in EVs. In particular, the outer-rotor topology enables the rotor mounted with the rim of
the wheel, hence eliminating the reduction gear and the corresponding transmission loss. Figure 5.7 shows
a three-phase 6/8-pole outer-rotor SR machine. Differing from the conventional SR machine topology
that the rotor has a smaller diameter than the stator, this outer-rotor topology has a larger rotor diameter.
Hence, the number of rotor poles is generally selected to be larger than the number of stator poles in
order to reduce the torque ripple directly imposed on the wheel. Meanwhile, this outer-rotor SR machine
preferably adopts the pancake-shaped design, namely large radial diameter and short axial length, so that
it can readily be implanted into the wheel.

5.2.2 Principle of SR Machines

Because of the salient nature of both the stator and rotor poles of the SR machine, the reluctance of the
magnetic flux path for each phase winding varies with the rotor position. Thus, the principle of torque
production is based on the “minimum reluctance” rule, that is, a rotor pole tends to align with the excited
stator pole so that the reluctance of the magnetic flux path is minimum.

The torque production can be mathematically explained by using the principle of electromechanical
energy conversion (Krishnan, 2001). As shown in Figure 5.8, the stator poles are wound with concentrated
windings of N turns. When they are excited with a current 7, a magnetic flux y is established. The flux
versus magnetomotive force (MMF) characteristics are plotted for the unaligned position between the
stator and rotor poles at & = 8, and the aligned position between the stator and rotor poles at § = 6,. It
can be seen that the flux versus MMF characteristic for the unaligned position is almost linear because
the reluctance of the air-gap is large and dominant, whereas the characteristic for the aligned position is
nonlinear because the reluctance of the magnetic flux path suffers from magnetic saturation.
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Figure 5.8 Principle of SR machine torque production: (a) rotor positions and (b) flux characteristics

Upon exciting the phase winding, the input energy W, is expressed as
W, = [eidt (CRY)

where e is the induced electromotive force (EMF) which is given by

d(Ny)
=7 5.2
¢ dt (>-2)
Hence, the input energy can be rewritten as
W, = [F; dy (5.3)

where F; = N i is the MMF excited in the phase winding. This input energy is equal to the sum of the
magnetic field energy stored in the phase winding W, and the output mechanical energy converted to
motion W,:

Wi=W,+W, 54

For incremental changes, Eq. (5.4) can be rewritten as

5W, = 6W, + 6W, (5.5)
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For a given current and MMF, the corresponding energies can be derived as

L%
W, = F,dy = area(ABCD) (5.6)

L4

oW, = area(OBC) — area(OAD) (5.7)
Hence, the incremental output energy is given by
oW, = 6W, — 6W; = area(OAB) (5.8)

which is actually the area between the two characteristics for a given MMF. The incremental output energy

with respect to the change in rotor position 66 is the electromagnetic torque 7 which can be expressed as

_— ow,
60

(5.9)

This incremental output energy is actually equal to the change of coenergy between the aligned and
unaligned positions, and the coenergy Wjﬁ is defined as the complement of the magnetic field energy:

W; = /y/ dF; = /Nq/di = /L(Q, i)idi (5.10)

where L is the inductance which is defined as the flux linkage over current, and is a function of rotor
position and current. Hence, the torque can be rewritten as

' on

_ W7 (0, i)

50 (5.11)

i=constant

In case of no magnetic saturation, the inductance varies linearly with the rotor position for a given
current so that the torque is given by
_ liz dL(6)

T
2 do

(5.12)

In case of magnetic saturation, the torque can no longer be expressed as a simple algebraic equation.
Actually, it needs to be expressed as an integral equation:

"OL@®,i) . .
T= 1
'/0 3 idi (5.13)

On the basis of the aforementioned principle of torque production, the principle of rotation can readily
be explained by using the three-phase 6/4-pole SR machine as shown in Figure 5.9. When the phase A
winding is excited, the rotor tends to rotate clockwise to decrease the reluctance of the flux path until the
rotor poles L and I’ align with the stator poles A and A’ where the reluctance of the flux path has a minimum
value. Then, the phase A is switched off and the phase B is switched on so that the reluctance torque tends
to make the rotor poles II and II" align with the stator poles B and B’. Similarly, the excitation of phase
C winding results in the alignment of rotor poles I’ and I with stator poles C and C’, respectively. The
torque direction is always toward the nearest aligned position. Hence, by conducting the phase windings
in the sequence of A-B-C according to the rotor position feedback from the position sensor, the rotor
can continuously rotate clockwise. On the contrary, by conducting the phase windings in the sequence
of A-C-B, the rotor rotates anticlockwise. It can also be observed that the rotor rotates one revolution by
switching 12 times, that is, the number of phases times the number of rotor poles. Therefore, the larger
the number of rotor poles, the higher the switching frequency per phase is required.
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Figure 5.9 Principle of SR machine rotation

Inductance

r

e ———
=
>

Lmax T i

Lmin -

»

0

9 8 B PSR
P
P
=
___:?_D____

Figure 5.10 Variation of phase inductance with rotor position

5.2.3 Modeling of SR Machines

>

Rotor position

When the rotor moves from the unaligned position to the aligned position, the variation of phase induc-
tance with rotor position of the SR machine is shown in Figure 5.10, where magnetic fringing and satu-
ration are neglected. It can be observed that this inductance characteristic is governed by the number of
rotor poles as well as the stator and rotor pole arcs. The relevant rotor positions 6, 6,, 85, 6, and 0 are

governed by Krishnan (2001)

0, =(a,— (B, + $.))/2

0, =0, + p,
03 =02+(ﬂr_ﬂs)
0y =05+ b,

0,=60,+0, =a,

(5.14)
(5.15)
(5.16)
(5.17)
(5.18)

where a, = 2z /N, is the rotor pole pitch, N, is the number of rotor poles, f; is the stator pole arc, and S,

is the rotor pole arc.
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Along the variation of phase inductance with rotor position, there are five regions characterized by the
following features:

e 0— 6,: The stator and rotor poles have no overlapping, termed the unaligned position, so that the mag-
netic flux and hence the inductance (L_. ) are minimum and kept constant. Thus, this region does not
contribute to torque production.

e O, — 0,: The stator and rotor poles start to have overlapping from 6, to 6,, so that the magnetic flux
and hence the phase inductance increase with the rotor position, giving a positive dL/d6. As shown in
Figure 5.11, when a current is applied in this region, a positive torque is created as given by Eq. (5.12)
for motoring operation. It should be noted that the polarity of the applied current does not affect the
polarity of the developed torque.

e 0, — 05: Within this region, the stator and rotor poles completely overlap, termed the aligned position,
and the movement of rotor pole does not change the overlapping. The corresponding magnetic flux
and hence the phase inductance (L,,,) are maximum and kept constant. As there is no change in the
inductance, there is no torque production.

e O; — 0,: The stator and rotor poles start to reduce overlapping from 65 to 6,, so that the magnetic flux
and hence the phase inductance decrease with the rotor position, giving a negative dL/d6. As shown in
Figure 5.11, when a current is applied, no matter positive or negative, a negative torque can be created
for regeneration operation.

e @, — 0,: The stator and rotor poles are at the unaligned position again so that the phase inductance is
kept constant at L, and no torque is produced.

‘min

Neglecting the mutual inductance between the phases, the voltage equation of the SR machine can be

expressed as
dNy
u i o ( )
where u is the applied phase voltage, R is the winding resistance per phase, and Ny is the flux linkage
due to the phase current i. Since the inductance L is defined as the flux linkage over current, the voltage
equation can be rewritten as

dL(0, i) i

.. d o\ . . di
u=Ri+ E(L(@,l)l) —Rl+L(9,l)E + 20

(5.20)
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Figure 5.11 Relationship between inductance, current, and torque profiles
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Figure 5.12 Per-phase model of SR machine

where the three terms on the right-hand side represent the resistive voltage drop, inductive voltage drop,
and back EMF of the SR machine, respectively. The corresponding back EMF, e can be written as

dL(0, 1)
do

where K, is defined as the back EMF constant of the SR machine. Hence, the per-phase model of the SR
machine is resulted as shown in Figure 5.12. It can be observed that this model is similar to that of the
series DC machine.

As mentioned earlier, the developed torque per phase depends on the current and rate of change of
inductance with the rotor position. Therefore, the resultant output torque, 7, is the summation of torques
developed at various phases:

iw =K, iw (5.21)

T, = ;T(z’, 0) (5.22)

where m is the number of phases of the SR machine. It should be noted that it is hardly possible to
achieve the ideal inductance profile due to the presence of magnetic saturation. This saturation causes
the inductance profile to curl near the top and thus causes a diminishing return on torque production.
In addition, each phase can produce a positive torque only in half a rotor pole pitch, resulting in a large
torque ripple. This creates the well-known problems of speed oscillation and acoustic noise. Nevertheless,
this torque ripple can be alleviated by increasing the number of phases or adopting sophisticated control
means. Consequently, the equation of motion is given by

T, = J‘Z—‘: +Bo+T, (5.23)

where J is the moment of inertia, B is the coefficient of viscous friction, 7, is the load torque, and w is
the rotor speed, which is actually the rate of change of rotor position d/dt.

5.3 SR Converters

Differing from other AC machines, the SR machine produces torque, which is independent of the current
polarity. Thus, conventional bridge inverters adopted by AC machines are not used for SR machines.
Actually, many converter topologies have been specifically developed for SR machines, the so-called SR
converters. The key feature is that the stator windings are connected in series with the upper and lower
switches of the converter, which can prevent the shoot-through fault that exists in the inverter of AC
machines.
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5.3.1 SR Converter Topologies

In general, the SR converter topologies can generally be classified into four groups based on the relation-
ship between the number of converter switches and the number of machine phases m (Ehsani, Gao, and
Emadi, 2009; Krishnan, 2001):

2m-switch SR converter.
m-switch SR converter.

(m + 1)-switch SR converter.
1.5m-switch SR converter.

Figure 5.13a shows the asymmetric bridge converter topology, which is the most common 2m-switch
SR converter. It uses two switches and two diodes per phase. The main advantage of this converter is the
control flexibility which allows that all machine phases can be controlled independently. This particularly
facilitates high-speed operation where there may be considerable overlap between the adjacent phase

S1.5; T

Rotor positi;)n
(b)

Figure 5.13 Asymmetric bridge SR converter: (a) topology and (b) operating waveforms
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currents. The main drawback is the need of more power devices than its counterparts, which increases the
converter cost and packaging size. In order to control the developed torque, the phase current needs to be
effectively controlled. Although this current can be varied by using either voltage pulse width modulation
(PWM) control or current PWM control, the latter is preferred because it can directly control the current
magnitude. The operating waveforms of this asymmetric bridge converter are depicted in Figure 5.13b.
When the switches S| and S, are turned on, the current of phase A starts to increase. If the current rises
above the upper limit of the hysteresis current controller, the S; and S, will be turned off. Then, the
current decreases by freewheeling via the diodes D, and D,, leading to return the magnetic energy stored
in the phase winding to the DC source V.. If the current drops below the lower limit of the hysteresis
current controller, both S, and S, will be turned on again. Consequently, the current is forced to swing
between the hysteresis current window to maintain the average current at the desired level I, until the end
of conduction interval. It should be noted that if the turn-off process involves only turning off S, while
holding on §,, the current will decrease slowly by freewheeling via S, and D,. The voltage across the
winding becomes zero. This can reduce the switching frequency and hence the switching loss.

Figure 5.14a shows a typical m-switch SR converter topology, which is dubbed as the R-dump SR
converter. It uses only one switch and one diode per phase, but involving additional passive components
R and C. The main advantage is the minimum component count and hence the converter cost. However, it
suffers from the drawbacks of inefficient operation and inflexible control. As shown in Figure 5.14b, the
operating waveforms of this R-dump converter are similar to those of the asymmetric converter except
during the turn-off process. That is, if the current rises above the upper limit of the hysteresis current
controller, the switch S will be turned off. Therefore, the current decreases by freewheeling via the diode
D, in such a way that the magnetic energy stored in the phase winding is charging the capacitor C to
the DC supply voltage and dissipating in the resistor R. This reduces the overall converter efficiency. In
addition, the zero voltage across the phase winding does not exist in this topology, thus reducing its control
flexibility. Moreover, the selection of R is critical. If R is too small, the fall time of the current will be
lengthened, which may produce negative torque when the current is still nonzero under the negative slope
region of the phase inductance. On the contrary, if R is too large, the turn-off transient voltage needs to
be included in the rating of the switch.

Figure 5.15a shows a typical (m + 1)-switch SR converter topology, which is dubbed as the C-dump
SR converter. It has the advantage of requiring minimum switches for achieving independent phase current
control. The main disadvantage of this topology is that the negative voltage across the phase winding is
limited by the difference between the voltage across the capacitor and the DC supply voltage, which
slows down the current commutation. The operating waveforms of this C-dump converter are depicted in
Figure 5.15b. When the current rises above the upper limit of the hysteresis current controller, the switch
S, is turned off. This enables the diode D, to be forward biased, and the current decreases in such a way
that the magnetic energy stored in the phase winding is charging the capacitor C, and then transferring to
the DC source via the switch S.

Figure 5.16a shows the 1.5m-switch SR converter topology that shares switches of each couple of
nonadjacent phases, hence requiring only three switches and three diodes for two phases. It has the
advantage of using less than two switches per phase while offering independent phase current control.
However, this topology is limited to an even number of phases of SR machines. The operating wave-
forms of this converter are shown in Figure 5.16b. The switches S, and S, carry the currents of phases
A and C and phases B and D, respectively. Accordingly, their ratings are greater than those of the phase
switches S, S,, S5, and S,. This grouping of phase windings can guarantee the independent control of their
currents.

5.3.2  Soft-Switching SR Converter Topologies

In order to improve the performances of SR motor drives such as reducing the torque ripple or improv-
ing the dynamic response, the SR converter needs to operate at higher switching frequencies. However,
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Figure 5.14 R-dump SR converter: (a) topology and (b) operating waveforms

as the conventional SR converters adopt the hard-switching technique, higher switching frequency defi-
nitely causes higher switching losses and more serious electromagnetic interference (EMI), thus degrading
the converter efficiency and electromagnetic compatibility. The use of soft-switching techniques in SR
converters can contribute to significantly reduce the switching losses and EMI. In recent years, many
soft-switching SR converter topologies have been reported. They can be categorized as

e resonant switch SR converter;
e resonant DC-link SR converter;
e zero-transition SR converter.

The resonant switch SR converter (Murai, Cheng, and Yoshida, 1999) employs an inductor-capacitor
(LC) resonant circuit and an auxiliary switch to enable the main switches turning on or off at zero-voltage
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Figure 5.15 C-dump SR converter: (a) topology and (b) operating waveforms

switching (ZVS) condition or zero-current switching (ZCS) condition. Hence, it can achieve theoretically
zero switching loss. However, this kind of converter suffers from the limitations that the PWM switching
control cannot be performed, and the switching frequency needs to be synchronized with the resonant fre-
quency of the auxiliary circuit. Consequently, it can only provide pulse-packet current to the SR machine,
leading to aggravate the torque ripple and audible noise. The resonant capacitor also increases the voltage
stress on the main switch (Luo and Zhan, 2005).

The resonant DC-link SR converter (Gallegos-Lopez et al., 1997) incorporates an LC resonant circuit
and an auxiliary switch at the DC link. By turning the DC-link voltage into pulsating voltage with zero
voltage notches, the main switches can be turned on or off at those voltage notches, achieving ZVS and
hence theoretically zero switching losses. However, this converter also lacks the PWM switching control
capability. Inevitably, the resonant DC-link operation is accomplished at the expense of voltage stress
and DC-link component losses. The drawback of voltage stress can be alleviated through the use of the
actively clamped resonant DC-link SR converter topology (Rolim ef al., 1999).
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Figure 5.16 1.5m-switch SR converter: (a) topology and (b) operating waveforms

By incorporating both the auxiliary resonant circuit and PWM switching control, the SR converter
can achieve ZVS or ZCS while offering PWM control, dubbed as the zero-voltage transition (ZVT) or
zero-current transition (ZCT), respectively. Owing to the ability of making PWM switching control, the
zero-transition SR converters possess high controllability and theoretically zero switching loss (Chao,
2009). Two zero-transition SR converters are shown in Figure 5.17. The ZVT SR converter possesses the
advantage that all main switches and diodes can achieve ZVS while the corresponding device voltage
and current stresses are kept at unity. It is a very desirable feature for power conversion where power
metal-oxide-semiconductor field-effect transistors (MOSFETs) are used because of their severe capacitive
turn-on losses. On the other hand, the ZCT SR converter possesses the advantage that both the main and
auxiliary switches can always maintain ZCS with minimum current and voltage stresses. It is particularly
suitable for power conversion using insulated gate bipolar transistors (IGBTs) as power devices since they
generally suffer from severe inductive turn-off losses (Ching, 2009).
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Figure 5.17 Zero-transition SR converters: (a) ZVT topology and (b) ZCT topology

5.3.3 Comparison of SR Converters for EVs

In order to assess the preferable type of SR converters for EVs, there are five major factors: cost, power
density, efficiency, controllability, and reliability. Among those hard-switching SR converters, the asym-
metric SR converter and the C-dump SR converter are most acceptable when considering these five factors
holistically. Specifically, the asymmetric converter takes the definite advantages of high controllability and
high reliability but suffers from higher cost of power devices, whereas the C-dump SR converter takes the
advantages of requiring less switches and independent phase current control capability but has the draw-
backs of using an additional capacitor and slower current commutation. In recent years, the increase of
power density of power devices with simultaneously decreasing cost has been a constant trend in the mar-
ket. As the cost of SR motor drives has been dominated by the machine cost rather than the converter cost,
the pursuit of smaller number of power devices with the sacrifice of controllability and reliability is no
longer necessary for selecting the SR converter. Therefore, the asymmetric SR converter is the preferred
topology, actually the most commonly adopted one for EV propulsion.
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Theoretically, the soft-switching techniques can be applied to all kinds of hard-switching SR convert-
ers, hence achieving zero switching losses. However, when taking into account the losses in the passive
elements of the resonant circuit such as the inductor and capacitor, the overall improvement of efficiency
may not be significant. Further taking into account the additional cost and control of the resonant circuit,
the use of soft-switching SR converters may not be justifiable. Although those soft-switching topologies
can inherently minimize the EMI as compared with the hard-switching topologies, they generally impose
additional voltage or current stress on the power devices unless adopting the zero-transition topologies. If
it is highly desirable to minimize the current ripple by adopting a very narrow hysteresis current window
and hence very high switching frequencies, typically over 25 kHz, the use of soft-switching SR converters
may become justifiable. In that case, the ZVT and ZCT SR converter topologies are preferred.

5.4 SR Motor Control

As the principle of operation of the SR motor is fundamentally different from that of the conventional AC
motors, the corresponding speed control schemes will be described first. Then, in order to alleviate the
major drawback of the SR motor —relatively large torque ripples, the torque-ripple minimization (TRM)
control will be discussed in detail. Moreover, because of the doubly salient structure, the SR motor is
particularly suitable for position sensorless control, which will also be discussed.

5.4.1 Speed Control

For speed control of the SR motor, there are two main control schemes: the current chopping control
(CCC) and the advance angle control (AAC). The speed boundary between these two control schemes is
called the base speed, w, at which the back EMF is equal to the DC source voltage.

Below the base speed, the back EMF is lower than the DC source voltage. When the converter switches
of a particular phase are turned on or off, the phase current rises up or falls down accordingly. By using
a hysteresis current controller to control these switches, the so-called CCC, the phase current can be
regulated at the rated value, hence offering the capability of constant-torque operation. In the CCC mode,
the turn-on angle 6, and the turn-off angle 8 should coincide with the rotor positions 8, and 6, of the
positive slope region of the phase inductance, respectively. Taking into account the inevitable rise time or
fall time, it is practically necessary to turn the switches on in advance by 6, = (6, — 6,,,,) and turn them
off in advance by 6, = (8, — 0,) as illustrated in Figure 5.18. It should be noted that both 6, and 8, are
dependent on the phase current and rotor speed.
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Figure 5.18 Current chopping control for constant-torque operation
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Figure 5.19 Advance angle control for constant-power operation

Above the base speed, the back EMF is higher than the DC source voltage so that the phase current is
limited by the back EMF. In order to feed the current into the phase winding, the switches of a particular
phase need to be turned on well ahead of the unaligned position, the so-called AAC as illustrated in
Figure 5.19. Since the back EMF increases with the rotor speed, the phase current inevitably decreases and
hence the torque drops. The higher the rotor speed, the larger the advancing of turn-on angle is required.
In general, the turn-on angle is advanced in such a way that the torque drops inversely with respect to the
rotor speed, leading to offer the capability of constant-power operation. This advancing of turn-on angle
is limited by the position of the preceding negative slope region of the phase inductance. Meanwhile, the
turn-off angle is also advanced to ensure that the current quenches before the succeeding negative slope
region of the phase inductance.

Beyond the critical speed of the motor w,, at which both 6, and 6 reach their limit values, no
phase advancing is allowable and the torque drops significantly. The SR motor can no longer keep
constant-power operation and offers the natural mode of operation.

Figure 5.20 depicts the torque-speed capability of the SR motor covering all operating regions, namely
the constant-torque operation, constant-power operation, and natural operation, which are desirable for EV
low-speed urban driving, medium-speed suburban driving, and high-speed highway cruising, respectively.
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Figure 5.20 Torque-speed capability of SR motor
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5.4.2 Torque-Ripple Minimization Control

As mentioned earlier, the key drawback of SR motors is the high torque ripple as compared to other
conventional AC machines. Their torque ripple is mainly due to the discrete excitation of phase wind-
ings for torque production. It is particularly severe during commutation between two adjacent phases. In
general, there are two approaches to reduce such torque ripple: design methods and control strategies.
Among various control strategies, the direct instantaneous torque control and torque-sharing function
(TSF) have gained attention for TRM control of SR motors. The TSF takes the definite advantage of
easier implementation and higher cost-effectiveness.

The TSF is a function with respect to rotor position to properly distribute the reference torque among
all phases in such a way that the sum of all the individual phase torques is equal to the desired torque.
The basis of this technique is that the desired torque is shared by two phases during the commutation
period. There are many TSFs that have been developed for TRM control of SR motors. They can be basi-
cally classified as the linear and nonlinear functions. In the linear TSF, the torque produced by the phases
during commutation changes linearly with the rotor position as depicted in Figure 5.21a, whereas in the
nonlinear TSF, the torque during commutation changes nonlinearly with the rotor position as depicted in
Figure 5.21b, where 0,, Hf, and 6, denote the initial angle, final angle, and overlap angle of the commuta-
tion region, respectively. These angles are chosen based on the inductance profile of the SR motor. There
are three major nonlinear functions that have been adopted as the nonlinear TSF: the cubic function, cosine
function, and exponential function. Other kinds of nonlinear TSFs are essentially derived from them.

During the commutation interval, the torque can be expressed as the sum of the torque due to the
incoming phase / and the torque due to the outgoing phase /I

T=T,+T, (5.24)
where
I, =) T (5.25)
Ty=f@&T (5.26)
TSF,
9:\\' . Buv
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Figure 5.21 Torque transfer functions: (a) linear and (b) nonlinear
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where f;(6) and f;,(0) are the TSFs to the phases / and I/, respectively, and 0 < 0 < 0;/2, where 0; is the
conduction period per phase.

In the linear TSF (Schramm, Williams, and Green, 1992), the incoming and outgoing functions during
phase commutation have constant slopes with respect to the rotor position, which are defined as

0 for0 <6 <6,

[©)=1(6-06,) /6, for6, <6<6, (5.27)
1 for 6, <6 < 6,/2
rl for0<0 <6,

fu@®=11-(0-6;) /6, for6, <6<, (5.28)
0 for 6, <6 < 0,/2

This linear TSF takes the advantage of simple implementation, but is unable to reflect the nonlinear
features of torque production and magnetic saturation of the SR motor. Thus, the variation in the rate of
inductance change, particularly at the initial and final stages of phase commutation, causes significant
errors between the torque reference input and its actual output.

In the cubic TSF (Sahoo, Panda, and Xu, 2005), the incoming and outgoing functions during commu-
tation are in the form of cubic polynomials with respect to the rotor position, which are defined as

0 for0 <0 <6,
2
f0)=13[(0-6,) /6,,] 200 - 6)/6,,1° for6, <6 <0, (5.29)
! for6, <0 < 0,/2
1 for0 <6 <0,
f10)=31-3[(6-6,) /6,,]" +2[(6 —6)/6,,° for6, <6< o, (5.30
0 for 6, < 0 < 0,/2

In the cosine TSF (Husain and Ehsani, 1996), the incoming and outgoing functions during commutation

are denoted as

-

0 for0<6 <0,

@) =1[1 —cosx (6—6,) /6,,] /2 for, <6 <6, (5.31)
\l for0, <0 < 0;/2
1 for0 <6 <6,

fu@) =4[l +cosm (0-6,) /6,,] /2 for6; <6 <6 (5.32)
0 for 6, <0 < 6,/2

In the exponential TSF (Illic-Spong, Miller, and MacMinn, 1987), the incoming and outgoing functions

during commutation are denoted as

(0 for0 <0 <0,
fi®) =31 =exp |=((6-6,) /0,)"] foro, <6 <6 (5.33)
1 for0, <0 < 0;/2
1 for0 <0 <6,
2
£,,(0) = exp [—((9 -0,)/0.,) ] for 6, <6 < 6; (5.34)
0 for0, <6 < 0;/2
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Figure 5.22 Operating waveforms without using torque-ripple minimization control

Compared with the linear TSF, the nonlinear TSFs including the cubic, cosine, and exponential func-
tions have higher degree of freedom to shape the nonlinear slopes in the commutation region, leading to
achieve much better matching between the torque reference input and its actual output, and hence mini-
mizing the torque ripple. Furthermore, the nonlinear TSFs can be further extended to maximize the speed
range and minimize the copper loss (Xue, Cheng, and Ho, 2009), and to optimize the efficiency (Lee
et al., 2009). A comparison of different TSFs for SR machines in EV propulsion has also been studied,
confirming the usefulness of TSFs for TRM control (Pop et al., 2012).

Taking a four-phase 8/6-pole SR machine for exemplification, the waveforms of phase currents, phase
torques, and total torque without using the TRM control are simulated as shown in Figure 5.22. Then, after
applying a typical TSF, the cosine TSF, for TRM control, the corresponding waveforms are simulated as
shown in Figure 5.23. It can be observed that the torque ripple can be significantly suppressed by using
the TRM control.

5.4.3 Position Sensorless Control

In order to achieve effective operation and control, the SR motor needs proper synchronization between
the excitation of phase windings and the rotor position. Usually, a position sensor or encoder is mounted on
the shaft to feed back the information of rotor position to the controller. This position sensor is relatively
costly as compared with the controller, hence triggering the development of position sensorless technology
for the SR motor. For low-cost application, it is particularly desirable to make use of position sensorless
technology to get rid of the costly position sensor. However, for EV application, the cost of position sensor
in the whole motor drive is not a major concern. Therefore, EV propulsion systems seldom adopt the
position sensorless technology. Nevertheless, taking into account fault-tolerant control, the use of position
sensorless control for the SR motor drive can effectively continue the operation in case the position sensor
loses its function. This can improve the fault-tolerant capability of EVs.
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Figure 5.23 Operating waveforms with torque-ripple minimization control using cosine torque-sharing
function

Many position sensorless control methods were developed over the past two decades. The commonly
adopted position sensorless control methods can be categorized as

Flux linkage-based method.
Inductance-based method.
Signal injection-based method.
Current-based method.
Observer-based method.

The flux linkage-based method (Lyons, MacMinn, and Preston, 1991) is to make use of the
three-dimensional relationship between the flux linkage, phase current, and rotor position as depicted
in Figure 5.24. That is, based on the measured voltage and current, the flux linkage can be calculated.
Then, according to the relationship, the rotor position can be deduced. This method takes the advantage
of simplicity. It is more suitable for estimating the rotor position during the high-speed AAC mode. At
the low-speed CCC mode, the error in winding resistance or measured current may cause significant
errors in the flux linkage and hence rotor position estimations.

The inductance-based method (Suresh ef al., 1999) utilizes the relationship between the phase induc-
tance, phase current, and rotor position as depicted in Figure 5.25. Similar to the flux linkage-based
method, this method relies on the accuracy of winding resistance and measured current, and is suitable for
high-speed operation only. On the other hand, the rotor position at low-speed operation can be estimated
by the incremental inductance (Gao, Salmasi, and Ehsani, 2004). On the basis of the relationship between
the incremental inductance, phase current, and rotor position, the rotor position can be estimated. This
method takes the merit that it does not require any additional sensor. However, it is applicable only at low
speeds where the back EMF can be neglected.

The signal injection-based method (Ehsani et al., 1994) is to apply a low-amplitude sinusoidal voltage to
the inactive phase winding, and then measure the resulting amplitude and phase angle of the phase current
to deduce the phase inductance, hence providing the information of rotor position. These amplitude modu-
lation and phase modulation approaches desire an additional voltage source to produce the low-amplitude
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Figure 5.25 Relationship between phase inductance, phase current, and rotor position of SR motor

sinusoidal voltage. On the other hand, the SR converter can be used to inject a short-period voltage pulse.
The rate of change of the resulting phase current can also be used to deduce the phase inductance and
hence the rotor position. Although this diagnostic pulse approach does not desire an additional voltage, it
suffers from the drawbacks of the generation of negative torque due to the injected current and the limited
resolution at high speeds due to the time delay caused by the diagnostic phase.

The current-based method (Panda and Amaratunga, 1991) makes use of the idea that the rate of change
of current depends on the incremental inductance, which in turn depends on the rotor position. This incre-
mental inductance can be expressed as the rise or fall time of the phase current, leading to facilitate
real-time implementation with no additional cost. However, the accuracy of the calculation of the incre-
mental inductance may be deteriorated by the variations of winding resistance and back EMF during
high-speed operation. On the other hand, the rate of change of current also depends on the phase induc-
tance, which in turn depends on the rotor position (Yang, Kim, and Krishnan, 2012). Instead of online
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calculating the inductance, by comparing two consecutive turn-on times of the PWM phase current dur-
ing the CCC mode, the aligned and unaligned rotor positions can be detected. This method is simple to
implement and insensitive to system parameter variations.

The observer-based method (Lumsdaine and Lang, 1990) makes use of an observer that is derived
based on the state-space equations of the SR motor drive for estimating the rotor position. In general, the
input and output of this observer are the phase voltage and phase current, respectively, while the state
variables include the stator flux linkage, rotor position, and rotor speed. The phase current estimated by
this observer is compared with the measured phase current in such a way that the resulting current error
is employed to adjust the parameters of the observer. The current error is zero when the observer model
can accurately describe the dynamic behavior of the SR motor drive. Hence, the rotor position estimated
by the observer well represents the actual rotor position. This method needs real-time implementation of
complex algorithms, which requires considerable computational power. In addition, it generally suffers
from a significant error at the time of starting because the observer takes time to converge. By further
incorporating a sliding-mode scheme (Zhan, Chan, and Chau, 1999), the convergence and robustness
against disturbances and variations can be improved.

5.5 Design Criteria of SR Motor Drives for EVs

Although the SR motor possesses simplicity in construction, it is not simple in design and analysis.
Because of the heavy saturation of pole tips and the fringing effect of poles and slots, the design of the SR
motor suffers from a great difficulty in using the magnetic circuit approach. In most cases, the electromag-
netic finite element method (FEM) is employed to determine the machine parameters and performances.

The design criteria of the SR motor for EV propulsion is much more stringent than those for industrial
applications. These criteria are as follows:

e The SR motor needs to offer high torque density, hence minimizing the machine weight and size for
the desired rated and peak torque capabilities of EVs. The corresponding torque density should be
comparable with that of the PM brushless motor and at least higher than that of the induction motor.

e Itis well known that the SR motor suffers from relatively high torque ripple and hence acoustic noise,
which affect its application to EVs desiring smooth and silent motion. The machine design should
minimize the torque ripple and acoustic noise, while maintaining the torque density.

e It needs to offer a good efficiency map, namely high efficiency over wide torque and speed ranges, thus
maximizing the driving range of EVs. The corresponding efficiency map should be comparable with
that of the PM brushless motor and at least higher than that of the induction motor.

e The SR motor drive needs to offer good dynamic performance. Particularly, when the multiple-motor
configuration of SR motor drives is adopted for in-wheel EV propulsion, it is mandatory to have good
dynamic performance.

e Since the SR motor does not involve copper windings or PMs in the rotor, the effect of temperature
distribution in the rotor is not so critical as compared with that of the induction motor or PM brushless
motor. Nevertheless, if the SR motor adopts the outer-rotor structure for in-wheel EV propulsion, the
corresponding design needs to consider the temperature effect in the stator.

Figure 5.26 shows the flowchart to depict the design process of the SR motor, which involves iterative
loops to optimize the machine dimensions and parameters. Firstly, the machine geometry and dimensions
are initialized by some analytical or experiential equations. Secondly, the machine static performances
are determined by using the electromagnetic FEM, which will be assessed and used to adjust the machine
dimensions. Thirdly, the machine dynamic performances are obtained by using the electromagnetic FEM,
which will be evaluated and fed back to tune the machine dimensions. Finally, if necessary, the acoustic
noise and temperature of the SR motor are analyzed by using the structural and thermal FEMs, which will
be appraised to fine-tune the machine dimensions.
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Figure 5.26 Design process of SR motor

5.5.1 Machine Initialization

The initialization of machine geometry and dimensions is the key to kick off the design process. A good
initialization can significantly reduce the iterative process and design time. A detailed guideline on the
initialization of SR motors can be found in Miller (1993).

5.5.1.1 Sizing Rotor Diameter and Core Length

The sizing of the SR motor starts from the output torque equation. The relationship between the output
torque, T, rotor diameter, D,, and core length, L. is generally governed by

T,=KD?L, (5.35)

where K is the output coefficient proportional to the product of the electric and magnetic loadings. A
typical range of K for SR motors for EV application is 10.3—34.5 kN m/m?>. Thus, once the torque require-
ment is specified, the required D? L, can be deduced. In order to determine the rotor diameter and length
separately, it is necessary to select the rotor diameter/length ratio, which is typically close to unity. For
EV propulsion, this ratio is more flexible and mainly governed by the available space under the hood or
within the wheel.
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5.5.1.2 Setting Air-Gap Length

There is no doubt that a small or short air-gap of SR motors creates a high inductance ratio, leading to
achieve high torque density. However, the smaller the air-gap, the higher the difficulty in manufacturing
is resulted, hence increasing the production cost. As a rule of thumb, the air-gap of SR motors should be
similar to, but not greater than that of induction motors with a comparable rotor diameter.

5.5.1.3 Sizing Stator Diameters

When the air-gap length g is selected, the stator inside diameter D; of the SR motor can readily be deduced
by:
Dg; =D, +2g (5.36)

Then, the stator outside diameter D, can be estimated based on the following experiential relationship:
D, = (1.5-1.8) D (5.37)

This relationship varies over quite a wide range, depending on the number of stator and rotor poles. In
general, the larger the number of poles, the smaller the stator outside diameter is required. Inevitably,
this outside diameter is governed by the available space in the EV so that a compromise has to be made
between the outside diameter and the length of the SR motor.

5.5.1.4 Selecting Phase and Pole Numbers

An appropriate selection of the number of phases and poles of the SR motor is important to satisty the
desired performance. The number of stator poles, N, and the number of rotor poles, N, are generally
governed by

N,=2km (5.38)
N.=2k(m+q) (5.39)

where m is the number of phases, k is a positive integer, and ¢ is a positive or negative integer. When the
rotor speed is @, the switching frequency f; of a particular phase is given by

f. = %N, (5.40)

To minimize the switching frequency and iron losses, the number of rotor poles should be selected as
small as possible. On the contrary, the higher the number of rotor poles, the lower the torque ripple is
resulted. Meanwhile, by increasing the number of phases, the torque ripple can be reduced, but the SR
converter cost will be increased. Thus, many combinations have been developed for SR motors as listed
in Table 5.1.

The three-phase 6/4-pole and four-phase 8/6-pole SR machine topologies are most commonly used. The
three-phase 6/4-pole SR machine offers the advantages of simplicity and good AAC capability. However,
the corresponding large torque ripple reduces the starting torque for EV launching. On the other hand,
the four-phase 8/6-pole SR machine has a relatively higher cost while possessing a smaller torque ripple
to favor the launching. Moreover, by increasing the number of poles per phase such as the three-phase
12/8-pole topology, the torque ripple can also be reduced while maintaining the converter cost. In case of
using an outer-rotor SR machine for in-wheel EV propulsion, the rotor pole number is generally higher
than the stator pole number because the torque ripple is the major concern for direct-drive application
while the switching frequency is inherently limited by the low rotor speed.
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Table 5.1 Common combinations of phase and
pole numbers of SR motors

m N, N, k q

3 6 4 1 -1
3 6 8 1 +1
3 6 10 1 +2
3 12 8 2 -1
3 18 12 3 -1
3 24 16 4 -1
3 24 32 4 +1
4 8 6 1 -1
4 16 12 2 -1
4 16 20 2 +1
5 10 4 1 -3
5 10 6 1 -2
5 10 8 1 -1

5.5.1.5 Sizing Pole Arcs

Since the output torque depends on the slot area to accommodate the stator winding, the stator pole arc,
B, is generally made smaller than the rotor pole arc, f, so that a slightly larger slot area can be provided
without sacrificing the aligned inductance. It yields

B, < B, (5.41)

In order to enable torque production at all rotor positions, the stator or rotor pole arc, whichever is less,
should be larger than the step angle of each phase as given by

. 2
min(B,, f,) > N (5.42)

r

In order to minimize the inductance at the unaligned rotor position, the total arc length of the rotor and
stator poles should be shorter than the rotor pole pitch as governed by

2
B+ B, < N (5.43)

r

On the basis of the pole arcs, the stator pole width, ¢, and rotor pole width, ¢, can readily be obtained as

t,=(D,+2g)sin % (5.44)

r r

t.=D sin% (5.45)

5.5.1.6 Sizing Pole Heights and Yoke Thicknesses

In order to provide a low inductance at the unaligned rotor position, the rotor pole height 4, should be
much greater than the air-gap length, but very high value of 4, causes significant magnetic fringing. Hence,
the rule of thumb for its initialization is given by

h —

t
= 4
— (5.46)



Switched Reluctance Motor Drives 135

The rotor yoke thickness, y, is governed by the condition of peak rotor flux without magnetic saturation.
The rule of thumb for its initialization is given by
tV
> 5 (547)
2
The stator yoke thickness, y, is subject to the same constraint as the rotor yoke thickness. Hence, the
rule of thumb for its initialization is given by
tS
y, > = (5.48)
2
Having initialized the rotor pole height as well as the rotor and stator yoke thicknesses, the stator pole

height, i, can be deduced by

h = ~(D

s 7\ so - Dsi - Zys) (549)

5.5.1.7 Sizing Shaft Diameter

A large shaft diameter is necessary to provide the stiffness to withstand the lateral vibration and torsional
rigidity. It also helps reduce the lateral vibration and hence the resulting acoustic noise. After sizing the
rotor diameter, pole height, and yoke thickness, the shaft diameter D, can readily be expressed as

Dy, =D, —2h, +y,) (5.50)

5.5.1.8 Estimating Number of Turns

At speed o, the maximum flux linkage per pole Ny, that can be produced by the stator winding can be

estimated as
Vdc 2r

N =— —— 5.51
Vi = 77 LN (.51
where V. is the applied DC source voltage and N is number of turns per pole. If this maximum flux
linkage is sufficient to cause saturation in the iron core, it can be written as

N N;
Nll/max = : tSLCBX (552)
m
where B, is the saturation flux density in the iron core (typically 1.7 T for standard lamination material).
Hence, the number of turns per pole can be estimated as
21 Vg,

N= —= (5.53)
w N, Nt L. B

5.5.1.9 Estimating Current Density

In order to have the desired average torque T,

,» the required ampere-turns per pole of the stator winding
can be expressed as
T,
NI  =—>— 5.54
rms BS Dr LC ( )

where I is the root-mean-square (RMS) current. With two coil sides per slot, the current density J

can be obtained as
N Irms

Jims = CAJD (5.55)
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where A is the area of each slot and k; is the slot-fill factor, which is the ratio of copper area to slot area.
The allowable current density is governed by using various cooling methods, namely totally enclosed
(<5 A/mm?), fan cooled (<10 A/mm?), and liquid cooled (<30 A/mm?) unless there are special measures
to optimize the thermal conductivity between the coils and the stator. Meanwhile, the slot-fill factor
depends on the wire shape, wiring technique, and slot geometry. This slot-fill factor ranges from 40%
when using loosely bundled coils, to 60% when using preformed coils with rectangular shape, and up to
80% when using preformed coils with shape adapted to the slot (Carstensen, 2007).

It should be noted that the aforementioned design equations are derived based on the conventional
SR machine structure, namely those inner-rotor topologies. For the design of outer-rotor SR machine
topologies, those equations need to be modified accordingly.

5.5.2  Suppression of Acoustic Noise

The vibration force and hence the acoustic noise are well-known problems in SR motors (Ehsani, Gao,
and Emadi, 2009). As reflected by the torque ripple, the vibration force is mainly caused by the varying
magnetic forces between the stator and rotor poles. The formation of radial force, F, and tangential force,
F, components of this vibration force is illustrated in Figure 5.27 — the radial force component increases
gradually from the minimum value at the unaligned position to the maximum value at the aligned position,
whereas the tangential force component increases from zero at the unaligned position to the maximum
value and returns to zero at the aligned position.

The vibration force and acoustic noise in SR motors can readily be calculated by using the FEM. To
determine the relationship between this vibration force and the machine dimensions, various analytical
formulas have been derived. The results show that the radial force component is the most dominant source
to cause the deformation of the stator and, therefore, the stator vibration and acoustic noise.

Instead of using the TRM control such as the torque-sharing functions to reduce the torque ripple and
hence the stator vibration, some design-oriented methods can be employed to suppress the stator vibration
and hence the acoustic noise:

o Since the stator yoke thickness plays an important role in the dynamic behavior of the stator deforma-
tion, an increase in this yoke thickness will increase the natural frequency and decrease the deformation
of the stator. This will also reduce the chance of mechanical resonance of the whole machine structure
even at high speeds. However, there is a penalty that a thick stator yoke will reduce the slot area,
which in turn increases the current density. Therefore, the selection of stator yoke thickness needs a
compromise between the current density and acoustic noise.

13 O L Ak
JL JL 4d& d8 db

Unaligned Aligned
position position

Fr
E,
F,
E.
f L L
T Fg Fy Fy

Figure 5.27 Vibration force components in SR motor
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e As the radial force component depends on the radial air-gap flux density, an increase in air-gap length
will directly reduce the radial air-gap flux density and hence the radial vibration. However, this accom-
panies with a reduction of torque density. Hence, there is a trade-off between torque density and acoustic
noise in selecting the air-gap length.

e Skewing the rotor pole can reduce the radial force, which produces unwanted vibration and noise. How-
ever, utilizing this technique inevitably affects the machine performances, especially the torque density.
Nevertheless, through careful selection of the skew angle, the reduction in radial force can be much
lower than the sacrifice of the average torque. Therefore, if it is highly desirable to reduce vibration
and noise while admitting to have a lower average torque, the rotor skewing is an effective way.

5.6 Examples of SR Motor Drives for EVs

Two major types of SR motor drives are selected for exemplification. The first one is based on a high-speed
SR motor internally coupled with a planetary gear for speed reduction. The second one is based on a
low-speed SR motor for in-wheel direct-drive.

5.6.1 Planetary-Geared SR Motor Drive

When the EV adopts the single-motor configuration, the SR motor drive is generally designed for
high-speed operation while using a planetary gear to step down the motor speed so as to match the wheel
speed. On the basis of the requirements of a typical passenger EV, the specifications of the corresponding
SR motor drive are listed in Table 5.2.

To suppress the torque ripple, the four-phase 16/12-pole SR machine topology is selected. Figure 5.28
shows its exploded diagram. On the basis of the specifications, the geometric dimensions and parameters

Table 5.2  Specifications of planetary-geared SR
motor drive

DC voltage 360V

Rated power 12.6 kW

Rated speed 3000 rpm
Rated torque 40N m
Constant-torque operation 0-3000 rpm
Constant-power operation 3000-9000 rpm
Gear ratio 10:1

Figure 5.28 Four-phase 16/12-pole SR motor
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of this SR motor can be initialized by using the aforementioned design equations, and are listed in
Table 5.3.

In order to take into account the saturation and fringing effects, the electromagnetic finite element
analysis is inevitable. The electromagnetic field distribution of this SR motor design example is shown
in Figure 5.29. Hence, both static and dynamic performances of the SR motor can be assessed. Conse-
quently, a complete set of magnetization curves of the flux linkage versus the applied current with the
rotor at various positions is evaluated. On the basis of the flux linkage characteristics, the inductance

Table 5.3 Initialization of four-phase
16/12-pole SR motor

Phase number 4

Stator pole number 16

Rotor pole number 12

Stator outside diameter 220 mm
Rotor outside diameter 125 mm
Rotor inside diameter 66.4 mm
Air-gap length 0.3 mm
Core length 100 mm
Stator pole arc 12°

Rotor pole arc 15°

Stator yoke thickness 20 mm
Rotor yoke thickness 20 mm
Turns per pole 50

Slot-fill factor 60%

Rated current density 4.82 A/mm?
Peak current density 7.23 A/mm?
Lamination material 50JN700

Figure 5.29 Electromagnetic field distribution of four-phase 16/12-pole SR motor
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characteristics can readily be deduced by using Eq. (5.10). The inductance varies widely as a function of
both rotor position and phase current. Particularly, the inductance at the aligned position decreases with
the increase of current due to the effect of saturation. Knowing the inductance characteristics, the torque
characteristics can be deduced by using Eq. (5.13). As shown in Figure 5.30, the torque-angle curves are
nonlinear with the torque capability increasing with the phase current.

A typical set of phase torque and total torque waveforms during the CCC mode of operation is shown
in Figure 5.31. It can be observed that the phase torque is rectangular within the first half period and
completely vanishes in the second half period. Meanwhile, a typical set of phase torque and total torque
waveforms during the AAC mode of operation is shown in Figure 5.32. It can be observed that the phase
torque is single-pulse in nature within the first half period and vanishes in the second half period. Both of
these sets of waveforms agree well with the theoretical waveforms.

The designed SR motor drive can perform the constant-torque operation using the CCC mode and
the constant-power operation using the AAC mode. During the constant-torque operation, the turn-on
and turn-off angles are essentially kept constant, whereas during the constant-power operation, they are
optimally tuned. The corresponding torque-speed capability is shown in Figure 5.33. It can be observed
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Figure 5.30 Torque-angle curves of four-phase 16/12-pole SR motor
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Figure 5.31 Phase torque and total torque waveforms during CCC mode of four-phase 16/12-pole SR motor
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Figure 5.33 Torque-speed capability of four-phase 16/12-pole SR motor

that it fully satisfies the desired specifications listed in Table 5.2. Particularly, the constant-power range
is significantly extended, which is highly favorable for EV application.

Finally, the torque density and torque ripple of the designed SR motor are evaluated. The volumetric
torque density and gravimetric torque density of the SR motor are defined as the averaged steady-state
torque at the rated conditions per peripheral volume and mass, respectively; and the corresponding torque
ripple is defined as the percentage difference between the maximum and minimum instantaneous torques
with respect to the averaged torque at the steady state. On the basis of the machine dimensions and
the torque performance, the torque densities of the designed inner-rotor SR motor are 10.5 Nm/l and
1.35 Nm/kg. It should be noted that both torque densities are essential for EV application. That is, the
volumetric one is directly governed by the available space to install the motor, whereas the gravimetric
one significantly affects the driving range and hill climbing capability. On the other hand, the correspond-
ing torque ripple is calculated as 44%. Although this level of torque ripple is normal and acceptable for
SR motor drives, it may cause annoying during EV launching or low-speed operation where its presence
can be physically felt by the driver.
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5.6.2 Outer-Rotor In-Wheel SR Motor Drive

If the EV prefers to get rid of the transmission gear and differential gear, the dual-motor configuration is
adopted. Thus, each SR motor is generally designed with an outer-rotor topology for low-speed operation
so as to directly drive each wheel. On the basis of the requirements of a typical passenger EV, the speci-
fications of the corresponding SR motor drive are listed in Table 5.4 in which the space to accommodate
each SR motor is limited by the size of the wheel. For instance, the 225/40R18 wheel denotes that the
axial length is 225 mm and the rim diameter is 457 mm (18 in.).

In order to suppress the torque ripple, the four-phase 16/20-pole outer-rotor SR machine topology is
adopted. Figure 5.34 shows its exploded diagram. On the basis of the specifications, the geometric dimen-
sions and parameters of this SR motor can be initialized as listed in Table 5.5.

Similar to the previous example, the electromagnetic finite element analysis is inevitable. The electro-
magnetic field distribution of this SR motor design example is depicted in Figure 5.35. Consequently, the
static performances such as the torque-angle curves of this motor are deduced as shown in Figure 5.36.
The dynamic performances such as the torque waveforms during the CCC mode of operation and the
AAC mode of operation are simulated as shown in Figures 5.37 and 5.38, respectively. It can be observed
that all these curves and waveforms agree well with the theoretical ones. Subsequently, the torque-speed
capability of this SR motor drive is resulted as shown in Figure 5.39. It is obvious that it fully satisfies the
desired specifications as listed in Table 5.4.

Table 5.4 Specifications of outer-rotor in-wheel
SR motor drive

DC voltage 360V

Rated power 6.3kW
Rated speed 300 rpm
Rated torque 200N m
Constant-torque operation 0-300rpm
Constant-power operation 300-900 rpm
Wheel 225/40R18

Figure 5.34 Four-phase 16/20-pole outer-rotor SR motor
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Table 5.5 Initialization of four-phase
16/20-pole outer-rotor SR motor

Phase number 4

Stator pole number 16

Rotor pole number 20

Stator outside diameter 180 mm
Rotor outside diameter 230 mm
Rotor inside diameter 100 mm
Air-gap length 0.3 mm
Core length 225mm
Stator pole arc 10°

Rotor pole arc 8°

Stator yoke thickness 20

Rotor yoke thickness 20

Turns per pole 50

Slot-fill factor 60%

Rated current density 5.23 A/mm
Peak current density 8.36 A/mm
Lamination material 50JN700

Figure 5.35 Electromagnetic field distribution of four-phase 16/20-pole outer-rotor motor

Finally, the torque density and torque ripple of the designed SR motor are calculated. That is, the
volumetric torque density is 21.4 Nm/l and the gravimetric torque density is 2.74 N m/kg, whereas the
torque ripple is 35%. Compared with the previous example, the torque densities of this SR motor seem
to be better. Actually, this illusion is due to the difference of their rated speed, one rated at 3000 rpm and
one rated at 300 rpm. Taking into account the effect of planetary gearing, even with the additional gear
volume and weight, the output torque densities of the planetary-geared SR motor drive are actually better
than those of the outer-rotor in-wheel SR motor drive.
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Figure 5.39 Torque-speed capability of four-phase 16/20-pole outer-rotor motor

5.7 Application Examples of SR Motor Drives in EVs

Nidec, a Japanese manufacturer of electric motors, has developed a product list of SR motors for EVs.
For instance, its Z019 model can offer the rated output power of 19kW, and achieve up to 29 kW
(Nidec, 2014). With a voltage of 170V, the motor can produce the rated and maximum torques of 40 and
86 N m, respectively. Its maximum speed is 11 000 rpm. The corresponding specifications are 177 mm in
diameter, 234 mm in length, and 26.5 kg in weight. The key feature of this SR motor is the reduction of
vibration and noise by optimizing the shape of the rotor and stator cores as well as the timing of current
control.

At the 2013 Geneva Motor Show, Land Rover unveiled an EV powered by an SR motor drive. This
EV is based on the Land Rover Defender model in which a 70-kW SR motor is installed. This SR motor,
which is developed by Harrogate-based Nidec SR Drives, can deliver the rated power over a wide speed
range for all-terrain traction needs (Nidec, 2013). With a 300-V lithium-ion battery having a capacity
of 27kWh, the EV can offer a driving range of 80km per charge. Because of the SR motor delivering
a starting torque of 330N m, the EV simply adopts the single-speed transmission with the gear ratio of
2.7:1 for four-wheel drive. The corresponding top speed can achieve 112 km/h.

5.8 Maturing Technology for EVs?

The development of SR motor drives has been over a century. Their attractiveness has exercised many ups
and downs. For instance, they were highly promoted in the 1980s because of their robust construction,
simple control, and maintenance-free operation, and they were also severely challenged by PM brushless
motor drives in the 1990s because of their low torque density, high torque ripple, and noisy operation.
Starting from the last decade, the interest in SR motor drives has been rekindled. Particularly, there has
been a consensus that the SR motor drives are very attractive for those EVs where cost and reliability are
of particular concern. Increasingly, due to recent shortage of supply and increase of price of rare-earth
materials for PMs, the attractiveness of SR motor drives increases dramatically, leading to be considered
as the most promising motor drives to directly compete with the PM brushless motor drives for EV propul-
sion. Consequently, many universities, research institutes, and EV companies are actively developing SR
motor drives for EVs.

Being fueled by advanced computational tools and sophisticated control strategies, most of the short-
comings of SR motor drives such as the torque ripple and acoustic noise have been solved or at least
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alleviated. The corresponding torque and power densities have also been improved to overtake those of
induction motor drives. In short, the SR motor drive technology is becoming mature. Therefore, in recent
years, some SR motor drives that are specially developed for EV propulsion have been commercially
available. Meanwhile, some practical applications of SR motor drives to EVs have also been reported.
It is anticipated that more and more EV companies will have their commercial EV models adopting SR
motor drives in the near future.
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6

Stator-Permanent Magnet
Motor Drives

Differing from traditional permanent magnet (PM) brushless motor drives, stator-PM motor drives takes
the definite advantages that all PM materials are located in the stator while the rotor is simply iron core
with salient poles, leading to offer higher robustness for high-speed operation and better thermal stability
for PM materials. These two features are highly desirable for electric vehicle (EV) motor drives that need
to operate at harsh working environment. Currently, there is a wide variety of stator-PM machines, and
some of them are considered viable for EV propulsion.

In this chapter, various stator-PM motor drives, including the doubly-salient permanent mag-
net (DSPM), flux-reversal permanent magnet (FRPM), flux-switching permanent magnet (FSPM),
hybrid-excited permanent magnet (HEPM), and flux-mnemonic permanent magnet (FMPM) topologies,
are presented. The corresponding design criteria, design examples, and potential applications are also
given.

6.1 Stator-PM versus Rotor-PM

The concept of stator-PM machines can be traced back to 1955 when Rauch and Johnson proposed prob-
ably the first stator-PM machine in which both the stator and rotor have salient poles, and the PMs are
located in the stator (Rauch and Johnson, 1955). Conceptually, they employ the polarized reluctance prin-
ciple in such a way that the torque or electromotive force (EMF) is resulted from the variable reluctance
action of stator and rotor saliencies on the unipolar flux produced by PMs in the stator, hence offering a
very simple and robust rotor structure. However, because of the limitation of high-energy PM materials
at that time, the stator-PM machines were unattractive (Cheng et al., 2011).

Although PM brushless motor drives, including both the PM synchronous and PM brushless DC
(BLDC) types, have been widely accepted for EV propulsion, the corresponding rotor-PM nature is still
their key drawback. That is, it is very demanding to mount the PM pieces in the rotor which desires to
withstand high-speed rotation and severe mechanical vibration. In addition, the rotor temperature under
the trapped environment is so high that may violate the thermal stability requirement of PM materials.
Therefore, the development trend of PM machines is focused on moving the PMs from the rotor to the
stator, leading to stimulate the development of stator-PM motor drives.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 6.1 Viable members of stator-PM machines

Focusing on those stator-PM machines that are viable for EV propulsion, there are three major types:

e DSPM machine
e FRPM machine
e FSPM machine.

As these three types of stator-PM machines are based on PM excitation, they are classified into the same
group — flux uncontrollable. Additionally, with the inclusion of independent field winding or magnetizing
winding in the stator for flux control, the stator-PM machines become flux controllable, which can be
further classified as

e HEPM
o FMPM.

These flux-controllable techniques can be applied to the three major types of stator-PM machines to form
various topologies, such as the hybrid-excited flux-switching permanent magnet (HE-FSPM) machine
or flux-mnemonic doubly-salient permanent magnet (FM-DSPM) machine. A tree diagram of viable
stator-PM machine topologies is depicted in Figure 6.1.

6.2 System Configurations

The stator-PM motor drive consists of four main components: the stator-PM machine, converter, sensor,
and controller. There are various system configurations of the stator-PM motor drives, depending on the
types of stator-PM machines and the associated power converters.

Among them, the flux-uncontrollable group, including the DSPM, FRPM, and FSPM machines, needs
only one external supply, hence called the singly-fed stator-PM machines; whereas the flux-controllable
group, including the HE-DSPM (hybrid-excited doubly-salient permanent magnet), HE-FRPM
(hybrid-excited flux-reversal permanent magnet), and HE-FSPM as well as the FM-DSPM, FM-FRPM
(flux-mnemonic flux-reversal permanent magnet), and FM-FSPM (flux-mnemonic flux-switching per-
manent magnet) machines desire two external supplies, hence called the doubly-fed stator-PM machines.
The system configuration of those singly-fed stator-PM motor drives is depicted in Figure 6.2 in which
the armature winding in the stator is solely fed by a power inverter. Meanwhile, the system configuration
of those doubly-fed stator-PM motor drives is depicted in Figure 6.3 in which the armature winding is



Stator-Permanent Magnet Motor Drives 149

[ Stator-PM
‘[ Inverter machine
y
Armature Rotor
current position
Y
Command—»{ Controller |« Sensors

Figure 6.2 Configuration of singly-fed stator-PM motor drives
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Figure 6.3 Configuration of doubly-fed stator-PM motor drives

fed by an inverter while the field winding is fed by a DC-DC converter. Between the singly-fed and
doubly-fed stator-PM motor drives, the former has the definite merit of simplicity, while the latter has
additional controllability to improve the operating performances. Of course, both the machine topology
and converter circuitry of the doubly-fed stator-PM motor drives are more complicated and costly.

It should be noted that the DC-DC converter for the doubly-fed stator-PM motor drives should allow
for bidirectional current flow. That is, for flux strengthening, the field or magnetizing current should be
positive, whereas for flux weakening, the field or magnetizing current should be negative. Between the two
doubly-fed families, the HEPM machines desire continual DC field current for field excitation whereas
the FMPM machines need only temporary current pulses for PM magnetization or demagnetization. Thus,
their DC-DC converter designs and ratings are different.

6.3 Doubly-Salient PM Motor Drives

The DSPM motor drive is relatively the most mature type of stator-PM motor drives. As depicted in
Figure 6.4, the DSPM machine can be considered as a combination of switched reluctance (SR) machine
and PM brushless machine in such a way that the PMs are inserted in the stator back-iron and the rotor is
simply iron core with salient poles. Meanwhile, the stator has salient poles wound with the concentrated
winding, making the PM flux linkage unipolar. Since the stator can be easily cooled by natural or forced-air
cooling, the thermal instability of PMs can be avoided. Hence, this DSPM machine is able to work at high
temperature, facilitating its application to EVs.
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Figure 6.5 Brushless DC operation of DSPM machine

By properly designing the stator and rotor pole arcs, the air-gap reluctance seen by the PMs are invariant.
Consequently, the PM flux linkage, yyp,, varies linearly with the rotor position as shown in Figure 6.5. As
the PM flux linkage and hence the back EMF waveforms are trapezoidal, the DSPM machine generally
operates at the BLDC mode in which a positive armature current i is applied during the PM flux linkage
increasing zone while a negative armature current is applied during the PM flux linkage decreasing zone.
Notice that the zero-current interval between the positive and negative currents is purposely provided to
ensure successful current reversal.

There is a wide range of possible combinations of the phase number, stator pole number, and rotor pole
number that can be chosen for DSPM machine design. In accordance with the basic operating principle
of DSPM machines, the general relationships between the stator pole number N, rotor pole number N,,
and phase number m are governed by

N, =2mk ©.1)

N, =N, +2k
where k is a positive integer. In general, k can be considered as the number of PM pole-pairs, Npy;. For
instance, when m = 3 and k = 1, it ends up with N, =6, N, = 4, and N, = 1, which is a three-phase
6/4-pole DSPM machine as shown in Figure 6.4; when m =3 and k=2, it results in N, =12,
N, =8, and Npy = 2, which is a three-phase 12/8-pole DSPM topology as shown in Figure 6.6; and
whenm =4 and k = I, it comes up with N, = 8, N, = 6, and Npy, = 1, which is a four-phase 8/6-pole
DSPM topology as shown in Figure 6.7.
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Figure 6.7 Structure of four-phase 8/6-pole DSPM machine

When the machine runs at the speed of n, the commutating frequency of any phase is governed by
fph = N,n/60 (6.2)

To minimize the switching frequency and hence the iron losses in poles and yokes as well as the switching
loss in power devices, the number of rotor poles should be selected as small as possible. Thus, the number
of rotor poles is usually less than that of stator poles. To make the machine capable of starting itself in
either forward or reverse direction, the number of phases should be equal to or more than three.
The system equation describing an m-phase DSPM machine can be expressed as (Cheng, Chau, and
Chan, 2001):
d¥

V=RI+—
+dt

(6.3)
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where V = [v},v,, ... ,v,,]7 is the applied voltage vector, R = diag[ry, 75, ... , r,] is the phase resistance
vector, I = [i},i,, ... ,i,]7 is the phase current vector, and ¥ = [y, ¥,, ... ,w,,]7 is the flux linkage
vector which can be written as

¥ =LI+ Y, (6.4)

where L = [Ll-j] i=1,...,m,j=1,...,m) is the phase inductance matrix and Wpy =
[WomM1> Wonzs -+ > Wpmm]© is the PM flux linkage vector. When both L and Wy, are considered to
be spatially dependent only and independent of the stator current, it yields
a¥ _dl dLy ¥ew _ dl dL, — d¥ey
— =L—+ —1 =L—+ —Iw, + ——
a @@ ar ar a0 T Tag

where w, is the rotor angular speed. Thus, the dynamic equation given by Eq. (6.3) can be rewritten as

(6.5)

a_
dt

_ d¥py
[R+—w]I+L V- o, 6.6)
do
By employing the coenergy method, the developed torque of this DSPM machine can be obtained as

' e\
L= O = L = o1 (52) 1+ (SR )
00~ 00 2 2\ 30

=T, + Tpy (6.7)

where T, represents the reluctance torque due to the variation of inductances and Tp,, is the reaction torque
due to the interaction between the winding current and PM flux. Hence, the electromagnetic torque per

phase, 7}, can be written as
1, (dL) . dwpy
T. == = 6.8
m=2" \ag) "\ T 9

It should be noted that when the rectangular current waveform is applied to the phase winding, the
average value of the reluctance torque component equals zero because of the symmetric inductance char-
acteristic with respect to the rotor position angle. Thus, the average torque per phase is governed by the
average value of the PM torque component only.

Concerning the power equations, the per-phase input power P of this DSPM machine under the applied
voltage U can be expressed as

1 /7 1[r" o 1
P=— / vidt = — [ / Ul dt + / (=U) (—Im)dt] = —2UI AT (6.9)
T/, T/, . T

where T =6, /w,, AT =6,,/w,, 6., =2z /N, is the rotor pole pitch, 8,, = 6, — 6, = 6, — 65 is the angular
displacement of a stroke, N, is the rotor pole number, w, is the rotor angular speed, and #; ~ t, are the
time instants corresponding to the rotor positions 8, ~ 6,. Thus, Eq. (6.9) can also be expressed as

0,
P=2UI,— 6 (6.10)

As there are m phases, the total input power P, is given by

0,
Py =mP = 2mUl, > 6.11)

cr

Denoting the efficiency as #, the total output power P, is written as

0
P,=nP, = 2mUIm‘9—Wi1 (6.12)

cr
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Substituting 0., = 2z /N, in Eq. (6.12), it yields
Nr
P, = —mk,EI 0, n (6.13)
r

where k, = U/E and E is the phase back EMF due to the variation of PM flux linkage. This back EMF

can be expressed as
dWPM Ymax ~ ¥Ymin AlI/PM
w 0, =W . =w , (6.14)
do 0 0

w w

E =

where w is the number of winding turns in series per phase and vy, and y,;, are the PM flux linked by
one coil when the stator pole aligns and unaligns with the rotor pole, respectively. In general, Ay, can
further be expressed as

Dy
Avpr = Wiax = Winin = 0.87w,. = 0.87k, o 7.1, Bs = 0.87kdocsTml€B(S (6.15)

where k, is the flux leakage factor, /, is the stack length, Bj is the air-gap flux density, 7, = 7D /N, is the
stator pole pitch, «, is the stator pole arc factor, N, is the stator pole number, and D is the stator inside
diameter. Substituting Eq. (6.15) into Eq. (6.14), the back EMF can be written as

B 0.87rk,wa,Dyl,By

NSG’:, Lo, (6.16)
On the other hand, the magnitude of the rectangular current waveform can be expressed as
nDGA,
I, =kl =k T~ (6.17)

where A is the electric loading of the stator, I, is the root-mean-square (RMS) phase current, and k; =
I1,/1... Substituting Egs. (6.16), (6.17), and w, = 2zn /60 into Eq. (6.13) while adopting the general
case that a; ~ 0.5, the output power equation of this DSPM machine can be derived as

0.87x% N,
L= 1zg ~ kak KA Bsn D3, (6.18)

where 7, is the rated speed of the machine. This output power equation reveals the relationships between
the output power and various design parameters. For instance, it can be found that the output power is
directly proportional to the ratio of rotor to stator poles, N,/N;. Given A and By, the larger the value of
N, /N, the higher the power density. Hence, the 8/6-pole DSPM machine can offer higher power density
than the 6/4-pole one by 12.5%.

When the rotor is purposely skewed to minimize the cogging torque, the characteristic of PM flux
linkage and hence the back EMF are more sinusoidal. Typically, the skewing angle 6 is selected to be
about one-half the stator pole pitch. In order to take into account the effect of rotor skewing, a skewing

factor is defined as
T
k, = cos (29CS6> (6.19)

where 0., = 27 /N, is the stator pole pitch. Thus, Eq. (6.18) can be modified as

_ 0.87x?
27 120

N,
~ Kokak kA BsnnD3l, (6.20)

Consequently, the DSPM machine can operate at the brushless AC (BLAC) mode as shown in Figure 6.8,
where the phase current is fed at 90° phase shift with the PM flux linkage or actually in phase with the
back EMF.
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Figure 6.9 Half-bridge inverter with split capacitors for DSPM motor drive

To supply the DSPM motor drive, a bipolar converter is preferred so as to bring the merit of the DSPM
machine into full play. To control the phase currents individually for bidirectional operation of the DSPM
machine, there are two possible inverter topologies: the full-bridge inverter and the half-bridge inverter
with split capacitors. The latter topology is usually selected for the DSPM motor drive because it mini-
mizes the number of power devices. Figure 6.9 shows a four-phase 8/6-pole DSPM motor drive in which
the connection between the central point of the split capacitors and the neutral of machine windings is
indicated by a dashed line. This connection is mainly used to accommodate the unbalanced current during
the commutation period.

In accordance with the operation principle of the DSPM machine, the phase winding should be turned
on or off at specific rotor positions. Hence, the rotor position information is indispensable for proper
operation of the DSPM machine. Such positions can readily be measured by a simple position sensor
as shown in Figure 6.10. It consists of a slotted disc connected to the rotor shaft and two optocouplers
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Figure 6.10 Position sensor for DSPM motor drive

Table 6.1 Control logic of 8/6-pole DSPM motor drive

S,S, 01 11 10 00
Phase A S, 1 1 0 0
S, 0 0 1 1
Phase B Sy 0 1 1 0
Sy 1 0 0 1
Phase C Ss 0 0 1 1
Se 1 1 0 0
Phase D S, 1 0 0 1
Sg 0 1 1 0

mounted onto the stator housing. The two optocouplers are nominally located 45° apart from each other
along the circumference of the disc. The output waveforms of the sensor are shown in Figure 6.11. The
sensor generates a signal edge for every 15° of mechanical rotation. The transitions of these outputs
determine the specific angles. According to the relationship between the position signals and PM flux
linkages, the control logic of the four-phase 8/6-pole DSPM motor drive can be obtained as given in
Table 6.1.

For the four-phase 8/6-pole DSPM motor drive, it can be found from the control logic that at any time
instant, the power devices in the upper and lower legs of the inverter are conducting in pairs, namely
phase A pairs up with phase C, and phase B pairs up with phase D. Hence, it arises the possibility of
removing the connection between the central point of the split capacitors and the neutral of the machine
windings without significant influence on the behavior of the motor drive provided 65, = 0%, +6../2
and 0, = H:ff +0../2. As a consequence, the problem of voltage unbalance in the split capacitors is
eliminated, and the hardware and software of the control system are thus simplified. Moreover, because
the positive half cycle and negative half cycle of the phase current are forced to be almost symmetrical,
the average value of the reluctance torque approaches zero, minimizing the torque ripple.

The speed control of the DSPM motor drive can readily be implemented by a closed-loop digital
proportional-integral (PI) controller, whose output is the torque reference 7" (Cheng et al., 2003).



156 Electric Vehicle Machines and Drives

60°

SP oi o
15E | = 30 -

01 | 11 10 00 Signal state v
0° 15° 30° 45° 60°  Mechanical angle

0° 9.00 180° 270° 360° Electrical angle
A { !

» ()

Figure 6.11 Position signals and PM flux linkages of DSPM motor drive

Figure 6.12 shows the block diagram of this speed control system. The corresponding PI controller can
be expressed as

k
T*(k) = K, e(k) + K,.Z e(j) 6.21)
j=0

where e(k) is the speed error and K|, and K; are the proportional and integral gains, respectively. While
the selection of these gains is a compromise between the requirement for fast response and the need for
stable control, it is difficult to have one set of PI parameters satisfying the whole speed and load ranges
because the machine parameters vary with both the load current and rotor position. Thus, the adaptive
proportional and integral gains are preferred, which can be written as

— 2
K,=a,+Db,(e®) (6.22)
K=—"1 (6.23)
"L+ bye(n)? '
where a,, bp, a;, and b; are nonnegative real numbers. Notice that when bp and b, are set to zero, it becomes
a conventional PI controller.
In order to reduce unnecessary speed regulation, a small dead zone of speed can be introduced into
the controller. That is, when the speed error is less than €, the output of the controller 7*(k) adopts the
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Figure 6.12 Speed control block diagram of DSPM motor drive

previous value 7*(k — 1) without corrective action. Meanwhile, in order to improve the dynamic response,
the bang-bang control can be combined with the PI control. When the absolute value of the speed error
is larger than a predefined value &,, the bang-bang control is adopted; otherwise, PI control is performed.
That is, in the bang-bang control, when the speed error is positive and the speed is increasing, the output
of the controller is set to the maximum value; otherwise, it is set to zero.

For the speed control of DSPM motor drive, the four switching angles and current reference are possible
control variables to shape the phase current. When the speed is below the base speed, the current chopping
control (CCC) is adopted for the constant-torque operation, in which the four angles are fixed and the
torque is controlled by the current reference. Since the current waveforms in the positive and negative
strokes are symmetrical in the CCC mode, the average value of the reluctance torque component is zero.
Thus, the average torque of the machine is governed by the PM torque component only, which is given by

0r
2m [ dwpy 2m
A G L LN ©29

cr

where [ is the magnitude of the rectangular current, m is the phase number, 6, is the rotor pole pitch
angle, wpyy; and wpy, are the PM flux linkages corresponding to 67, and Ggff, respectively. It can be seen
that the average torque is proportional to the current /. Hence, once the torque reference 7™ is obtained
by using PI regulation, the current reference I* can readily be specified by using Eq. (6.24).

When the speed is above the base speed, the angle position control (APC) is performed for the
constant-power operation. In this high-speed APC mode, the torque is controlled by the conduction angle
0,,, which is given by

6,=0 -0 =0, -6 (6.25)

off on

The relationship between the torque and conduction angle is nonlinear and complex. It is difficult to get
an expression between the torque and conduction angle, because the current waveform at the APC mode
is not as regular as that at the CCC mode. Nevertheless, one can get their relationships at some operation
points by using steady-state simulation and then fit them into a polynomial as given by

6, = f(@,(k = 1). T*(k)) (6.26)

6.4 Flux-Reversal PM Motor Drives

The FRPM machine is a kind of stator-PM machine in which the PMs with different polarities are located
on the surface of each stator pole, the armature winding generally adopts the concentrated winding
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arrangement, and the rotor is simply iron core with salient poles (Deodhar et al., 1997). Figure 6.13
shows the structure of a three-phase 12/16-pole FRPM machine in which there are 16 stator poles, 12
rotor poles, and 2 PM poles per stator pole. Differing from the DSPM machine, the FRPM machine
exhibits bipolar PM flux linkage because the flux linkage with each armature coil reverses polarity as the
rotor rotates as depicted in Figure 6.14. Since the bipolar flux linkage variation can have better utilization
of iron core than the unipolar counterpart, the FRPM machine inherently offers higher power density
than the DSPM machine. Similar to the SR machine, the rotor skewing can also be used to make the
air-gap waveform be more sinusoidal, and to reduce the cogging torque.

Since the PMs of this FRPM machine are attached on the surface of stator poles, the induced
eddy-current losses in the PMs is a major concern. In addition, it suffers from a relatively low power
factor. As the PM thickness equivalently increases the effective air-gap length between the stator
poles and rotor poles, the PM thickness, rotor pole arc, and air-gap length have significant effects on
the electromagnetic performance of the FRPM machine. Thus, optimal designs on various machine
dimensions were investigated, such as the use of concave stator poles and additional flux barriers to
reduce the flux leakage (Kim and Lee, 2004), and the technique of rotor teeth pairing to reduce the
cogging torque (Kim et al., 2005).
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In the three-phase FRPM machine, there are N, stator poles, N, rotor poles, and Npy, PM pole-pairs in
each stator pole (Boldea, Zhang, and Nasar, 2002). As the two-pole pitch angle corresponds to two PM
poles of alternate polarities on the stator, it yields

zD

2 = —L 6.27
o = 6.27)

r

where 7p),; is the PM pole pitch and D, is the rotor diameter. Since the space between two neighboring
stator pole PMs is 120° electrical or 27p),/3, the inner circumference of the stator can be expressed as

(2NPMTPM + %TPM) N, = (D, +26) (6.28)

where 6 is the air-gap length. Neglecting the air-gap length and substituting Eq. (6.27) in Eq. (6.28), the
relationship between N, N, and Npy; can be deduced as

(NPM + %)N =N, (6.29)

On the basis of Eq. (6.29), there are many possible combinations of N, N,, and Np,, that can be selected
for the three-phase FRPM machine. For instance, when Npy; = 1 and N = 12, it yields N, = 16; when
Npy =2 and N, = 12, it results in N, = 28; and when Npy, = 3 and N, = 12, it ends up with N, = 40.
Meanwhile, the rotor speed n, and the supply frequency f are related by

F=nN, (6.30)

Therefore, the higher the number of PMs used per stator pole, the higher the number of rotor poles and
hence the lower the rotor speed are resulted. For instance, when N, = 40 and f = 50 Hz, it yields n, =
1.25 rev/s or 75 rpm.

Similar to the DSPM motor drive, the principle of operation of the FRPM motor drive is illustrated in
Figure 6.15, where yp),; is the instantaneous PM flux linkage and i is the instantaneous applied current.
Since the applied current is a rectangular waveform, this operation is called the BLDC mode. That is,
a positive current is applied in the PM flux linkage rising zone and a negative current is applied in the
PM flux linkage falling zone, hence producing the PM torque at both zones. In general, the variation of
inductances with respect to rotor position is so small that the reluctance torque is negligible.

On the other hand, when adopting skewed rotor, the PM flux linkage waveform is more sinusoidal
so that a sinusoidal current is fed into the armature winding to create the PM torque as illustrated in
Figure 6.16, where the phase current is fed at 90° phase shift with the PM flux linkage. This BLAC mode
of operation enables the FRPM motor drive work as the PM synchronous motor drive and can inherit the
corresponding control strategies such as vector control and direct torque control.

o
Y
5

Figure 6.15 Brushless DC operation of FRPM machine
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Figure 6.16 Brushless AC operation of FRPM machine

6.5 Flux-Switching PM Motor Drives

The FSPM machine has attracted wide attention in recent years. Among the three major stator-PM
machines, the DSPM, FRPM, and FSPM, the stator configuration of the FSPM machine is relatively
complex as shown in Figure 6.17. In this topology, each stator pole consists of two adjacent laminated
segments and a PM, and each of these segments is sandwiched by two circumferentially magnetized
PMs which enables flux focusing (Zhu et al., 2005). In general, the concentrated winding arrangement
is adopted, and each coil is wound around the adjacent stator poles. Hence, the polarity of the PM flux
linkage in the coil reverses when the rotor pole aligns the successive stator tooth that belongs to the same
phase, the so-called flux-switching action, as illustrated in Figure 6.18.

The configuration of this FSPM machine mainly depends on the numbers of stator and rotor poles,

which are governed by
N, =2mi
o 6.31)
Nr = Ns + 2]

Armature PM
winding

Stator

Figure 6.17 Structure of FSPM machine
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Figure 6.18 PM and winding arrangements of FSPM machine

where N, is the number of stator poles, N, is the number of rotor poles, m is the number of phases of
the armature winding, and i and j are positive integers. For instance, when m =3, i =2, and j = 1
are selected, it yields Ny =12and N, =10 or 14, leading to come up with the 12/10-pole and
12/14-pole machine topologies; whenm =5, i =2, and j = 1 are selected, it ends up with N, = 20 and
N, =18 or 22, leading to have the 20/18-pole and 20/22-pole topologies.

In addition, various winding and pole arrangements of the FSPM machine are developed (Owen et al.,
2010) as shown in Figure 6.19. In the original topology, a phase coil is wound around each stator pole
and four coils constitute one phase so that each stator slot has coils from two phases, leading to adopt
the double-layer winding arrangement. In the second topology, dubbed as alternate poles wound, each
slot has coils of only one phase so that only alternate poles are wound. This offers the advantage of
using the single-layer winding arrangement, hence reducing the coupling between phases. This facilitates
the machine for fault-tolerant operation. In the third topology, dubbed as the alternate poles wound with
reduced magnets, the PMs are removed from the unwound stator poles, hence resulting in significant
reduction of PM material and cost. The analysis indicates that the use of alternate poles wound for the
FSPM machine can maintain the original average torque level, though suffering from relatively high torque
ripple, which may need to adopt the rotor skewing to alleviate this drawback. Meanwhile, the alternate
poles wound topology with reduced magnets can save one-half of PM material, but incurring a substantial
performance penalty.

The use of multi-tooth stator structures has been employed for improving the torque capability of SR
machines. This multi-tooth structure can also be extended to the FSPM machine to further improve the
torque density (Zhu ez al., 2008). The structure of this multi-tooth FSPM machine is similar to that of the
original one except that there are effectively more stator teeth on each side of the stator pole mounted with
PMs, and also more rotor poles. Consequently, it exhibits higher torque density and lower torque ripple
than the original FSPM machine. However, because of the higher armature reaction, it saturates more
quickly as the current is increased and thus offers lower torque capability than the original counterpart.

The principle of operation of the FSPM motor drive is similar to that of the FRPM motor drive. Basi-
cally, a positive current is applied in the PM flux linkage rising zone and a negative current is applied in
the PM flux linkage falling zone, hence producing the PM torque at both zones. Theoretically, the FSPM
motor drive can operate in the BLDC mode or BLAC mode. Because of the magnetic reluctance differ-
ence between the two pairs of coils comprising a phase, the resultant phase EMF waveforms are relatively
more sinusoidal than those of other stator-PM motor drives. Hence, it preferably operates in the BLAC
mode, which can utilize the well-known control strategies such as vector control and direct torque control.

6.6 Hybrid-Excited PM Motor Drives

Similar to the conventional rotor-PM machines such as the PM synchronous machine and PM BLDC
machine, the stator-PM machines have difficulty in air-gap flux control because of an uncontrollable PM
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Figure 6.19 Variation of FSPM machine topologies: (a) original, (b) alternate poles wound, and (c) alternate
poles wound with reduced magnets

flux. Although the corresponding air-gap flux control can be provided by using sophisticated vector control
or advanced conduction angle control, it involves complicated control algorithms and costly control hard-
ware. The concept of hybrid excitation, including both the PM and field winding excitation, can enable
the air-gap flux of the stator-PM machines directly controllable. Theoretically, the aforementioned three
main types of stator-PM machines, the DSPM, FRPM, and FSPM, can incorporate the concept of hybrid
excitation.

By incorporating the hybrid excitation into the DSPM machine, the HE-DSPM machine is resulted
as shown in Figure 6.20. The stator incorporates two types of windings: three-phase armature winding
and DC field winding, and the PM poles. The rotor has neither PM nor winding, hence offering high
mechanical integrity. The three-phase armature winding operates like that for the DSPM machine, whereas
the DC field winding not only works as an electromagnet but also as a tool for flux control. In addition,
there is an extra air-gap in shunt with each PM. If the DC field winding MMF (magnetomotive force)
reinforces the PM MME, this extra flux path will assist the effect of flux strengthening. On the other hand,
if the DC field winding MMF opposes the PM MMF, this extra flux path will favor the PM flux leakage,
hence amplifying the effect of flux weakening. As a result, with a proper design of the width of this extra
air-gap, a wide flux-regulation range can be obtained by using a small DC field excitation.

Figure 6.21 shows the power circuit for DC field current control, which is actually a typical H-bridge
converter. Hence, the magnitude of the DC field current can be easily regulated by adjusting the duty
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Figure 6.20 Structure of HE-DSPM machine
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Figure 6.21 Power circuit for DC field winding in HE-DSPM machine

cycle of the conducting pair of power devices. Also, the direction of the DC field current can be simply
controlled by selecting different pairs of power devices.

Similarly, by incorporating the hybrid excitation into the FSPM machine, the HE-FSPM machine (Hua,
Cheng, and Zhang, 2009) is created as shown in Figure 6.22. The configuration is very similar to that of
the FSPM machine except that it is equipped with the DC field winding. In order to accommodate the
additional DC field winding, the PM length of the HE-FSPM machine is shorter than that of the original
FSPM machine.

The operation principle of this HE-FSPM machine is similar to that of the original FSPM machine
except that it can offer the feature of direct air-gap flux control. As depicted in Figure 6.23, by control-
ling the polarity and value of the DC field current, the air-gap flux density can be easily strengthened
or weakened. Meanwhile, this arrangement of hybrid excitation does not need to increase the overall
machine size.
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Figure 6.23 Flux control of HE-FSPM machine: (a) flux strengthening and (b) flux weakening
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Although the concept of hybrid excitation can theoretically be extended to the FRPM, there is a practical
limitation that restricts the development of HE-FRPM machine. Since PMs with different polarities are
located on the surface of each stator pole, it is difficult to further insert the DC field winding within each
stator pole; otherwise, additional interpoles with the DC field winding may be required.

In summary, the hybrid-excited stator-PM motor drives can offer some attractive features for EV
operation:

e By varying the polarity and magnitude of the DC field winding current, the air-gap flux density becomes
easily controllable.

e By realizing flux strengthening, the machine can offer the exceptionally high-torque feature, which
is very essential for cold cranking HEVs (hybrid electric vehicles) or providing temporary power for
vehicular overtaking and hill climbing.

e By realizing flux weakening, the machine can offer the exceptionally wide-speed constant-power fea-
ture, which is very essential for EV cruising.

e By online tuning the air-gap flux density, the machine can maintain a constant voltage output under
generation or regeneration over a very wide speed range, which is very essential for battery charging
in various EVs.

e By online tuning the air-gap flux density, the machine can also offer efficiency-optimizing control,
which is highly desirable for EVs.

6.7 Flux-Mnemonic PM Motor Drives

With the advent of stator-PM machines, in which both the PMs and armature windings are located in
the stator, the mechanical integrity problem of PM machines is totally solved. The development of these
PM machines becomes focusing on how to control the air-gap flux, hence extending the speed range of
constant-power operation. By incorporating the DC field winding in the stator, the flux-controllable PM
machine, typically the HE-DSPM machine, can enable both flux weakening and flux strengthening. Nev-
ertheless, the corresponding DC field winding needs to be sized for continual excitation, thus degrading
the machine power density and efficiency.

The conventional memory machine adopts a traditional rotor-PM machine structure, and utilizes the
d-axis armature current to perform online magnetization or demagnetization of PMs (Ostovic, 2003).
This so-called AC-excited memory machine suffers from the use of complicated vector control, lack of
mechanical integrity in the PM rotor, and possibility of accidental demagnetization due to armature reac-
tion. The idea of using DC field winding for the HE-DSPM machine is extended to the memory machine,
hence forming the FMPM machine, also dubbed as the DC-excited memory machine (Yu and Chau,
2011a). The concept of flux mnemonic or memory is due to the nature of the aluminum—nickel-cobalt
(AI-Ni-Co) PMs in the machine that can be online magnetized or demagnetized to various magnetization
levels and then be memorized automatically. It incorporates a small magnetizing winding to temporarily
carry the magnetizing current for direct PM magnetization, hence solving the problem of continual field
excitation and avoiding the complicated current control.

When the AI-Ni-Co PM material was invented in the 1930s, it was widely employed for PM machines
due to its excellent remanence, high thermal stability, and high chemical stability. However, in a conven-
tional PM machine, PMs were expected to have a linear demagnetization curve with a superposed recoil
line so as to provide stable performance under normal operating conditions, and a high coercivity so as to
avoid irreversible demagnetization under extreme operating conditions. Unfortunately, these two expecta-
tions were the shortcomings of the Al-Ni-Co PM. Consequently, the Al-Ni-Co PM was superseded by the
samarium-cobalt (Sm-Co) and neodymium-iron-boron (Nd-Fe-B) PMs for application to PM machines.
Dramatically, these shortcomings of the Al-Ni-Co PM are positively utilized in the FMPM machine:
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e The nonlinearity of their demagnetization characteristics makes the recoil line never superpose on the
demagnetization curve. Thus, once the demagnetization current is applied and then removed, the oper-
ating point will move along the recoil line and settle at a lower magnetization level, which means that
the magnetization level is memorized.

e The low coercivity is the desired feature to enable online demagnetization. This uniqueness cannot be
provided by other PM materials, such as the Sm-Co or Nd-Fe-B. Additionally, with both high thermal
stability and high chemical stability, the Al-Ni-Co PM is the natural choice for the FMPM machine.

The flux-mnemonic concept can readily be incorporated into all three main types of stator-PM
machines, the DSPM, FRPM, and FSPM. Figure 6.24 shows the structure of an FM-DSPM machine that
adopts an outer-rotor double-layer-stator topology. The use of five phases rather than three is to enhance
the torque smoothness and to provide the capability of fault tolerance. These two features are particularly
desirable for EVs. The use of outer rotor rather than the inner rotor is to provide the direct-drive capability
for in-wheel propulsion. The inner space of the stator can be fully utilized to accommodate the PMs,
armature winding, and magnetizing winding, hence achieving a compact structure. Since the armature
winding and PMs are located in different layers of the stator, the PMs can be immune from accidental
demagnetization by armature reaction. In addition, the armature adopts fractional-slot windings with the
coil span equal to the slot pitch; it not only reduces the cogging torque but also shortens the end-windings.
Similar to that of the DSPM machine, the rotor is simply composed of salient poles with no PM or
winding. Thus, it is very robust. Differing from the DC field winding of the HE-DSPM machine, the
magnetizing winding does not need to handle continual current flow so that the corresponding size is
much smaller. Most importantly, it requires only a temporary current pulse for PM magnetization or
demagnetization so that the energy consumption for PM magnetization or demagnetization is temporary
and insignificant compared with that of the HE-DSPM machine.

Because of the nature of doubly-salient structure, the relationship between the stator pole number N,
PM pole number Npy,;, rotor pole number N,, and phase number m of the FM-DSPM machine is similar
to that of the DSPM machine:

N, = 2mk
N,
Noyy = — (6.32)
M=
Nr = Nv * 2k
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Figure 6.24 Structure of outer-rotor FM-DSPM machine
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where £ is a positive integer. For instance, when m = 5 is selected, N, = 10k, N, =8k, and Npy =2k
can be deduced. The use of more phases can enhance the torque smoothness and provide the capability of
fault tolerance, but it desires more power devices. The use of more rotor poles can generate more torque
pulses per revolution, leading to have a smoother resultant torque. On the other hand, since the operating
frequency is proportional to the number of rotor poles, it should be limited to avoid causing high core
losses. As a compromise, k = 3 is chosen, hence resulting in N, = 30, N, = 24, and Npy; = 6.

The principle of operation of this FM-DSPM machine is similar to that of the DSPM machine,
except that the PM magnetization is tunable. The theoretical waveforms of PM flux linkage ypy, and
self-inductance L are shown in Figure 6.25. In order to make a unidirectional torque all the time,
there are two operation modes, depending on the waveform of armature current i. For the first mode,
a bipolar current is fed into the armature winding in which a positive current is applied when the flux
linkage increases whereas a negative current is applied when the flux linkage decreases. As a result, the
PM torque becomes the dominant torque component, while the reluctance one is a parasitic pulsating
torque with zero average value. This mode of operation is originally used by the DSPM machine, the
so-called DSPM mode of this FM-DSPM machine. For the second mode, a unipolar current is fed into
the armature winding in which only the positive current is applied in the period of increasing flux linkage
and inductance. Since the period with decreasing flux linkage and inductance is not utilized, the torque
density is sacrificed. This mode of operation is originally used by the SR machine, the so-called SR
mode of this machine.

The analysis of this FM-DSPM machine is more difficult than that of other stator-PM machines, because
it adopts the AlI-Ni-Co PM material which exhibits a nonlinear demagnetization characteristic and has a
rather narrow B—H loop with a knee in the second quadrant. Thus, a hysteresis model of this Al-Ni-Co PM
needs to be adopted. Rather than using a complicated hysteresis model using Preisach theory (Gong et al.,
2009), a piecewise-linear hysteresis model is preferred since it can readily be incorporated into the finite
element method for both steady-state and transient analysis. Figure 6.26 depicts this hysteresis model in
which the major hysteresis loop and all the minor hysteresis loops have the same value of coercivity, H,
but with different values of remanence, B,,, and the initial magnetizing curve partly superposes on the
hysteresis loop. The relative permeability, u, and recoil permeability, y,.. are the same.
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Figure 6.25 Operation waveforms of FM-DSPM machine



168 Electric Vehicle Machines and Drives

Load line

Major loop

Initial
magnetizing
lines

?‘m e R e
Ty

Minor loop

Figure 6.26 Hysteresis model of Al-Ni-Co PM

The main beelines that represent the magnetizing and demagnetizing processes are labeled L1, L2, and
L3. During the magnetizing process, the operating point of the Al-Ni-Co PM moves upward along L2,
then leftward along LI, and settles at the operating point P. Consequently, in the demagnetizing process,
the operating point moves leftward along L/, then downward along L3, then rightward along the recoil
line until settling at the operating point Q with a lower flux level. These three beelines, L1, L2, and L3,
can be respectively expressed as

B=uuH+B, k=123, .. (6.33)
H +B
B= M(H—HC) (6.34)
H,—H,
:urHOHm +Brl
B=——"—"-(H+H 6.35
o ) (639)

where y, is the vacuum permeability, H,, is the saturated magnetic field intensity, and B,, denotes the
remanence of the kth hysteresis loop. By using Eqgs. (6.33) and (6.35), the H value of knee point of the
kth loop in the second quadrant can be obtained as

_ (Hm - Hc)Brk - Hc(l’lrﬂOHm + Brl)

k=1,2,3, .. (6.36)
ﬂr”OHc +Brl

Hy

Firstly, in the initial magnetizing state, a temporary positive magnetizing force H is applied. The cor-
responding remanence of each PM element can be expressed as

0 0<H<H,
H +B
B, = HrbolTm ™ Or1 (H— H(,) — u poH H . <H<H, (6.37)
H, - H.
Brl Hm SH
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Secondly, in the working state, the B value of each PM element is calculated from Eq. (6.33) according
to its associated B,;, and the currently applied negative magnetizing force H. At each time step, the value
of B, is modified until it converges using the under-relax iteration method, which is given by

B, H,<H<O0

H, +B
B =20 (H 4+ H,) - pugH —H.<H<H,

B =4 Hn-H (6.38)
(MrluOH + Brk) (Hm - Hc)

Uiy |H+H, —
' ‘ HHoH + B,

Brk HS _Hc

As mentioned earlier, the FM-DSPM motor drive can operate at either the DSPM mode or SR mode,
where bipolar or unipolar armature current is applied, respectively. For normal operation, the PMs are
fully or partially magnetized so that the DSPM mode of operation is adopted. Figure 6.27 shows the
corresponding speed control block diagram, in which there are two feedback loops, namely the inner
current loop with a hysteresis band regulator and the outer speed loop with a PI regulator. Then, with
the aid of position sensor, the conduction signal of each phase is combined with the associated hysteresis
regulator signal, hence forming the gating signal of each power device.

The flux controller of this FM-DSPM machine is different from that of the HE-DSPM machine, because
it just needs to produce a temporary current pulse that is controllable in both magnitude and direction. As
illustrated in Figure 6.28, the power stage consists of a buck converter and a bridge converter, where the
former functions to control the magnitude /,, of the magnetizing current and the latter serves to control
the direction D and duration 7 of the magnetizing current. For instance, under flux-weakening operation,
the required air-gap flux, w* deduced from the motor speed, w is compared with the estimated y from the
flux observer, hence the direction of the magnetizing current can be easily determined. The correspond-
ing duration is simply the minimum time required to accomplish the demagnetization or magnetization
process, which does not need to be controlled. Consequently, the required magnitude of demagnetizing
or magnetizing current, [, is deduced from the relationship between the air-gap flux density and the mag-
netizing MMF. Finally, the duty cycle, 6 of the buck converter is adjusted to tune its output voltage and
hence the value of /.

The relationships among the back EMFs, position signals, and conduction intervals of this five-phase
machine are depicted in Figure 6.29. Since the back EMF waveforms are trapezoidal, the corresponding
position signals are adjusted in such a way that they align with the maximum values of the back EMF
waveforms. Hence, the power devices in the upper or lower leg of each phase of the inverter are conducted

Inverter

5 /
Speed Position sensorO
i #H
estimation

Figure 6.27 Speed control diagram of FM-DSPM motor drive
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Figure 6.28 Flux control diagram of FM-DSPM motor drive
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Figure 6.29 Control waveforms of FM-DSPM motor drive

at the rising or falling edge of the relevant position signal, respectively. At any instant, there are four phase
windings in the conducting state, while one phase winding in the commutating state. Each phase winding
conducts 144°, while the phase shift between any two adjacent phases is 72°.

Since the Al-Ni-Co PM has a smaller energy product than the Nd-Fe-B PM, this FM-DSPM machine
has the drawback of relatively lower power density. By adopting two kinds of PM materials, namely the
Al-Ni-Co and Nd-Fe-B, they can complement one another to overcome this drawback. The basic structure
of this dual-magnet FM-DSPM machine is shown in Figure 6.30, which adopts the same configuration as
the single-PM counterpart except the arrangement of PM poles. That is, there are three PM pieces, includ-
ing two Nd-Fe-B PM pieces and one Al-Ni-Co PM piece, constituting each PM pole in the stator. The
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Figure 6.30 Structure of outer-rotor dual-magnet FM-DSPM machine

magnetizing winding is located in the inner space of the stator, which functions to online magnetize the
Al-Ni-Co PM in forward or backward direction. The Al-Ni-Co PM provides a tunable PM flux, whereas
the Nd-Fe-B PM provides a constant PM flux, hence achieving a strong and adjustable air-gap flux density.

The dual-magnet FM-DSPM machine incorporates two kinds of PMs to provide the MMF. The
Al-Ni-Co PM can be forward or backward magnetized by the magnetizing winding. When the machine
works under normal operation, the Al-Ni-Co PM is fully forward magnetized in the same magnetization
direction as the neighboring Nd-Fe-B PM so that the maximum air-gap flux density can be achieved.
Under light-load or high-speed condition, the Al-Ni-Co PM is demagnetized so that the air-gap flux
density depends only on the Nd-Fe-B PM field. When necessary, it can also be backward magnetized to
cancel out the flux produced by the Nd-Fe-B PM, hence operating as a reluctance machine.

Figure 6.31 depicts the simplified magnetic flux diagram of each PM pole in which the flux linking
through two neighboring Nd-Fe-B PM pieces is within one closed flux loop, whereas the flux passing
through the Al-Ni-Co PM piece belongs to two closed flux loops (Li et al., 2012). Hence, the equivalent
magnetic circuit of the machine describing the forward magnetization is shown in Figure 6.32a, where
F e 18 the magnetizing winding MME, F y is the Al-Ni-Co PM MME, R, is the Al-Ni-Co PM reluctance,

Al-Ni-Co Al-Ni-Co

¥ Magnetizing N 4 Magnetizing
winding winding

Figure 6.31 Magnetic flux flow of each PM pole-pair
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Figure 6.32 Equivalent magnetic circuits under forward magnetization: (a) original circuit and (b) Thevenin
circuit

Fyq 18 the Nd-Fe-B PM MMF, Ry, is the Nd-Fe-B PM reluctance, and R; is the air-gap reluctance. The
corresponding Thevenin equivalent magnetic circuit is shown in Figure 6.32b, where the Thevenin equiv-
alent MMF, F;, and Thevenin equivalent reluctance, R, are given by

2F R 2F R

Fy=—me X SN (6.39)
2Ry + R, 2Ry + R,
2Ry,R;

R, =—N 0
BT 2Ry + R;

(6.40)

In order to forward magnetize the Al-Ni-Co PM, the magnetizing MMF should be large enough to com-
pensate the Nd-Fe-B PM MMF as governed by Eq. (6.39). Hence, the criterion for forward magnetization
of the Al-Ni-Co PM can be derived as
2F magRNd _ 2FyaRs
2Ryg +Rs  2Ryy +R;

> 3H,2h,, (6.41)

where H,, and h,; are the coercivity and thickness of the Al-Ni-Co PM, respectively. Meanwhile, in the
absence of magnetizing excitation, it is necessary to ensure that the Al-Ni-Co PM is thick enough to
withstand the Nd-Fe-B PM field. Thus, the criterion for the selection of the Al-Ni-Co PM thickness can
be deduced as

2F 4R

hAl 2
Hy 2Ry + Rs)

(6.42)

The backward magnetization is to reversely magnetize the Al-Ni-Co PM, which serves to weaken
or cancel out the magnetic field produced by the Nd-Fe-B PM. The equivalent magnetic circuit of the
machine describing the backward magnetization is depicted in Figure 6.33a. The corresponding Thevenin
equivalent magnetic circuit is shown in Figure 6.33b, where the Thevenin equivalent MMF, F t’h and
Thevenin equivalent reluctance, R}, are given by

Ry Oir, Or

mag

(L) 2Fa R;

(a) (b)

Figure 6.33 Equivalent magnetic circuits under backward magnetization: (a) original circuit and (b) Thevenin
circuit
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;o 2FNdR5 Fmag2RNd
b ORG +Rs 2Ry + R
R, =Ry, (6.44)

(6.43)

Since the Thevenin equivalent MMF consists of two positive terms, the Nd-Fe-B PM MMF exerts a
magnetizing force to assist the magnetizing winding to reversely magnetize the Al-Ni-Co PM. Thus, the
required magnetizing MMF for backward magnetization is much lower than that for forward magnetiza-
tion. From Eq. (6.43), the criterion for backward magnetization of the Al-Ni-Co can be deduced as

R R
Frag 2 3Hyhy (24 55 ) = Fyg 5> (6.45)
RNd RNd

Hence, the thickness of the Al-Ni-Co PMs is governed by

FyaRs + FrpeRna

< e = (6.46)
A= 3H, 2Ry + Ry)

On the basis of the derived equations, the PM dimensions of this outer-rotor dual-magnet FM-DSPM
machine can be deduced. Typically, the width and thickness of the Al-Ni-Co PM piece are about
twice those of each Nd-Fe-B PM piece. Figure 6.34 depicts typical magnetic field distributions when
the Al-Ni-Co PMs are under forward magnetization, no magnetization, and backward magnetization,
respectively. It can be observed that the air-gap flux density can be significantly strengthened under
forward magnetization, because both the Al-Ni-Co PM piece and two Nd-Fe-B PM pieces simultane-
ously contribute magnetic flux to the air-gap. Meanwhile, when the AI-Ni-Co PM piece is under no
magnetization, the air-gap flux density is solely contributed by the two Nd-Fe-B PM pieces. Under
backward magnetization, the Al-Ni-Co PM piece essentially shunts the two Nd-Fe-B PM pieces, thus
dramatically suppressing the air-gap flux density (Li et al., 2011).

6.8 Design Criteria of Stator-PM Motor Drives for EVs

The design criteria of various types of stator-PM machines are similar to that of the DSPM machine
(Cheng et al., 2001). By rearranging Eq. (6.18), the corresponding sizing equation can be deduced as
P
DAl = 2 (6.47)

si‘e 2

0.87z* N,

120 N kskdkekiAsBrSnsn
s

where the general relationship between N, and N, of the DSPM machine is given by Eq. (6.1). Since it is
generally valid that 6, ~ 6,./3, the relationship between /., and ,, can be expressed as

T
[1 17, 1., 21 \/5
I _.=1/= dt =4 —21;0 = +|—=0.1 =1/=1 6.48
rms T./O ! \/gcr mYw \/03r3 cr'm 3'm ( )

Thus, k; can be calculated as

1
k= =4/2 (6.49)

In general, k; =0.90 —0.93, k, = 1.2 — 2.0, k, = 1 (without rotor skewing), A; = 10 — 30 kA/m, and
B; = 1.5 T are selected. Given the rated P,, n,, and #, the main dimensions of the machine, namely, D
and /, can be deduced. Once the main dimensions are determined, other structural dimensions such as the
stator outside diameter, pole heights, and pole arcs can be specified similarly to the SR machine.
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Figure 6.34 Magnetic field distributions of outer-rotor dual-magnet FM-DSPM machine: (a) forward mag-
netization, (b) no magnetization, and (c) backward magnetization

The initial sizing of PMs is essential since it directly affects the machine performance and cost.
Although the PM size and location of various stator-PM machines are different from one another, the
corresponding sizing approach is very similar, mainly based on the magnetic circuit approach. For
exemplification, the equivalent magnetic circuit of a four-phase 8/6-pole DSPM machine is shown in
Figure 6.35, in which the iron core is assumed to be of infinite permeability. From the magnetic circuit,
it yields

A A (6.50)
Va= Vo FA, + A+ A, V0N, )
As

Vo mVenn A

(6.51)
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Figure 6.35 Equivalent magnetic circuit of four-phase DSPM machine

where A, A,, A, and A, are the permeances of phases A, B, C, and D, respectively, A; is the sum of
the permeances of four phases, A, is the leakage permeance of PMs, v, is the flux of phase A, y; is the
air-gap flux equal to the sum of four phase fluxes, and yr,, is the PM flux. Making use of Eqgs. (6.50) and
(6.51), it deduces
Ay + A, Ay A
Vpm = A N Va=03Va (6.52)

a a

where o is the PM leakage factor which is defined as the ratio of PM flux to air-gap flux:
wpm A5+ A,

= (6.53)
L As
which depends on the motor configuration, typically ¢ = 1.4 — 1.5.
The permeances A, and A can be expressed as
D a,l
A, = py—== (6.54)
0 4g0
Dgasl
Ag = pg—2< 6.55
5= Ho—y . (6.55)

where «, is the overlapping angle between the stator pole of phase A and a rotor pole, a; is the sum of
overlapping angles between four-phase stator poles and rotor poles, g, is the air-gap length, and g, is the
permeability of free space. When the rotor pole arc, g, is given by

ﬁr = 2005 - acr (6.56)

then a; becomes constant, hence the operating point of PMs does not change with the rotor position. Even
Eq. (6.56) is not satisfied, the variation of this operating point does not introduce a significant error. So
the PM flux in Eq. (6.52) can be calculated at a particular rotor position that the stator pole of phase A
fully aligns with a rotor pole. That is, the flux of phase A has its maximum value v, ... Then, a; and a,,
can be expressed as

a;=2p+p.+0.,—20, (6.57)
a, =min(f, f,) = p, (6.58)
Substituting Egs. (6.54) and (6.55) into Eq. (6.52) and making use of Egs. (6.57) and (6.58), it deduces

oB;Dgl,
ey = T(Zﬁs +p.+6. —20,) (6.59)
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When adopting Nd-Fe-B as the PM material, the demagnetizing characteristic of PMs is almost linear.
Thus, it yields

HPM

Bpy =B, <1 2 ) (6.60)
B

Hpy =H, <1 - %) (6.61)

where By, and Hp,, are respectively the flux density and field strength of the PM operating point, while
B, and H, are respectively the remnant flux density and coercive force of the PM. By using Ampere’s
Law, it yields

Hpyhpy = 2H;8, (6.62)

where Hj; is the field strength in the air-gap and Ay, is the PM thickness in the direction of magnetization.
From Egs. (6.61) and (6.62), it deduces

2B
— D80 (6.63)

hPM
BPM
IMOHC <1 - B >

r

Typically, Bpy /B, = 0.7 — 0.95. By using Eq. (6.59), the surface area S,,, of each piece of PMs can be
expressed as
wem _ 0B;Dgl,

Spm = ﬂ T Qp,+p.+6,—26,) (6.64)
As the magnet length, Iy, in the axial direction is usually the same as the stack length, the magnet width,
wpy can be expressed as

Sem _ 0B;Dy;
=—=——Q2p+p.+06.,.-206,) (6.65)

e = lPM B 4'BPM

The electromagnetic torque per phase of the DSPM machine under the BLDC mode can generally be

expressed as
[ dwpym 1 , (dL
Ty=i < ) 43 <%> = Tpy +T, (6.66)

where the average value of the reluctance torque component 7, is equal to zero, and the average value of
the PM torque component Tp), is dominant in the average torque per phase, which is given by

0,
1 [7 (. dwpy 2
Ton == i <l 5 )40 = 5L Awpw (6.67)

cr cr

where [, is the magnitude of the rectangular current waveform. Hence, the total average torque T,, of m

phases is given by
T, = z—mImAy/PMw (6.68)

cr

When neglecting the friction and windage losses, it yields

2mng
w ey = P, (6.69)
Substituting Egs. (6.12) and (6.68) into Eq. (6.69), it deduces
ué,
W i (6.70)

27n,
AVeu gy
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By substituting Eq. (6.15) into Eq. (6.70), the required number of winding turns per phase can be obtained
as

Uo,n
W= (6.71)
arDg 2nn,
0.87k, —Ns 1,B; 60

Since the realistic current waveform is trapezoidal, rather than rectangular, the corresponding 6, is usually
smaller than the ideal one. Taking into account a correction factor of 0.8, the modified number of winding

turns is expressed as
~ 0.8U0, 1 67
"= azxDg  27n '
0.87k, >3] B,
N,

6
The aforementioned design criteria of the DSPM machine can readily be extended to other stator-PM
machines, including the FRPM, FSPM, HE-DSPM, HE-FRPM, HE-FSPM, FM-DSPM, FM-FRPM, and

FM-FSPM, but with some modifications, such as the design criteria of additional DC field winding, addi-
tional magnetizing winding, and additional PM material.

6.9 Design Examples of Stator-PM Motor Drives for EVs

There are many types of stator-PM motor drives: the DSPM, FRPM, FSPM, HE-DSPM, HE-FRPM,
HE-FSPM, FM-DSPM, FM-FRPM, and FM-FSPM. Two recently developed stator-PM motor drives,
namely based on the outer-rotor HE-DSPM and FM-DSPM machines, are elaborated.

6.9.1 Outer-Rotor Hybrid-Excited DSPM Motor Drive

Differing from the aforementioned HE-DSPM machine, this machine adopts an outer-rotor topology
as shown in Figure 6.36. There are two main reasons to adopt the outer-rotor topology rather than the
inner-rotor one. First, if the conventional inner-rotor topology is used, the stator yoke needs to be sig-
nificantly enlarged to accommodate both the PMs and DC field winding. However, if the outer-rotor
topology is adopted, the inner space of the machine, the space beneath the armature winding, can be fully
utilized to accommodate both the PMs and DC field winding, hence minimizing the overall size. Second,

Rotor

DC field
winding

Outer-layer
stator

Armature
Inner-layer winding

stator

air-gap

Figure 6.36 Structure of outer-rotor HE-DSPM machine
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if adopting the conventional topology, both the PMs and DC field winding in the stator have high flux
leakage. However, if adopting the outer-rotor topology, both the PMs and DC field winding are embraced
by the rotor, hence solving the problem of high flux leakage. Additionally, there are two layers of stator:
the outer layer of the stator is to accommodate the armature winding wound on the stator salient poles
and the inner layer of the stator is to accommodate both the PMs and DC field winding. Meanwhile, the
outer rotor is simply composed of salient poles without winding or PM (Chau et al., 2006).

Because of the additional DC field winding, this HE-DSPM machine definitely offers a lower power
density than the DSPM machine. It is really a trade-off between the ability of flux control and the reduction
of power density. Since it is more difficult to effectively cool the inside stator, the outer-rotor topology
has the drawback of thermal dissipation.

The choice of pole numbers is governed by Eq. (6.1). For m =3 and k=3, it results in
N, =36and N, =24, leading to be a three-phase 36/24-pole HE-DSPM machine. It should be
noted that if k is too large, N, will be very large, which will significantly increase the operating frequency
and hence the iron loss. On the contrary, if k is too small, the operating frequency will be insufficient
to limit the rectified output voltage ripple. In order to improve the effectiveness of using the DC field
winding to perform flux control, an extra air-gap with an iron bridge is added in shunt with the PM. These
extra air-gaps function to bypass the PM flux when two field excitations are opposite, hence amplifying
the effect of flux weakening. The key design data of this outer-rotor HE-DSPM machine are listed in
Table 6.2.

The principle of operation of this HE-DSPM machine is similar to that of the DSPM machine, except
that the flux is controllable. Thus, when the DC field winding is excited to produce additional flux in
the same direction as the PM flux, the air-gap flux linkage is strengthened, hence temporarily producing
high torque for EV launching or overtaking. On the other hand, when the DC field winding is excited
to produce flux in the opposite direction to the PM flux, the air-gap flux linkage is weakened to enable
high-speed constant-power operation for EV cruising. Figure 6.37 shows its air-gap flux density distri-
butions under flux weakening (Fp,c = —350 A-turns), no flux control (F, = 0), and flux strengthening
(Fpc = +1000 A-turns), which indicates that a range of nine times of air-gap flux regulation can be
realized.

While the use of DC field winding for field excitation in the HE-DSPM machine inevitably involves
additional copper loss compared with the original DSPM machine, it can make use of this flux control
capability to compensate such loss and improve the system efficiency (Liu ez al., 2009). The loss analysis
of this HE-DSPM machine is described below:

Table 6.2 Key design data of outer-rotor HE-DSPM machine

Rated power 8 kW

Rated speed 1000 rpm
Constant-torque operation 0-1000 rpm
Constant-power operation 1000—4000 rpm
Number of phases 3

Number of stator poles 36

Number of rotor poles 24

Number of PM poles 6

Number of turns per armature coil 46

Number of turns of DC field coil 150

Rotor outside diameter 270 mm
Rotor inside diameter 221.2mm
Stator outside diameter 220 mm
Air-gap length 0.6 mm
Stack length 320 mm
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Figure 6.37 Air-gap flux density distributions of outer-rotor HE-DSPM machine with different DC field
excitations

e There are copper losses in both the armature winding and DC field winding, which are governed by
the armature current and field current, respectively. For a given operating point, the desired armature
current is affected by the air-gap flux density, which can be directly regulated by tuning the DC field
current. Thus, these copper losses are indirectly or directly related to the DC field current.

e The iron losses are composed of the magnetic hysteresis loss and eddy-current loss. The magnetic
hysteresis loss is caused by the time-varying magnetization of ferromagnetic material. Under a given
speed, this magnetic hysteresis loss varies with the air-gap flux density, which can certainly be adjusted
by the DC field current. Meanwhile, the eddy-current loss is due to the existence of eddy currents in
the iron core. Under a given speed, the eddy-current loss is certainly related to the air-gap flux density.
Thus, these iron losses are certainly adjustable by the DC field current.

e The stray losses are additional losses caused by the load current. Such losses are generally quite small
but should not be neglected. Since the stator current is affected by changing the air-gap flux density,
the stray losses can be altered by the DC field current.

e The mechanical losses are due to friction and windage, which mainly depend on the operating speed
and environment, and are independent of those electrical variables.

Except the mechanical losses, all other losses can be regulated by tuning the DC field current under the
given load torque and speed. Hence, the optimal efficiency of the HE-DSPM motor drive can readily be
achieved by online tuning the DC field current.

Figure 6.38 shows an efficiency-optimizing control scheme of the HE-DSPM motor drive. The key is to
adjust the DC field winding current to online tune the air-gap flux, hence achieving minimum input power
under the given load torque and speed. Rather than using analytical loss equations to minimize the total
losses, self-searching control (SSC) is preferred, which can eliminate the uncertainties of loss equations
and avoid the parameter variations due to prolonged operation. The corresponding SSC algorithm is illus-
trated in Figure 6.39. The algorithm initially adopts the DC field current value based on the historical data,
which have been pre-stored as a look-up table. Then, under the given load torque and speed, the DC field
current is purposely perturbed. If the initial point, P, is on the left-hand side of the minimum input power
point, the increment of the DC field current will reduce the input power. On the contrary, if the initial point,
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Figure 6.38 Efficiency-optimizing control of HE-DSPM motor drive
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Figure 6.39 Self-searching control algorithm for efficiency-optimizing control of HE-DSPM motor drive

P, is on the right-hand side of the minimum input power point, the decrement of the DC field current will
reduce the input power. Thus, if there is a decrease in input power, the subsequent perturbation will be kept
unchanged until reaching the minimum input power point; otherwise, the perturbation will be reversed.
Additionally, once the optimal condition is obtained, the corresponding value will be memorized, and will
be used as the initial value for next search. This arrangement can greatly enhance the speed of searching.
It should be noted that since the input power is measured at the DC link, the efficiency optimization is for
the entire motor drive, including the HE-DSPM machine and power inverter.

The efficiency-optimizing control of the HE-DSPM motor drive is first assessed when the air-gap flux
density is below the optimal value. Figure 6.40 shows the input power and field current responses under
different load torques and speeds. It can be seen that in Condition I (10 N m at 300 rpm), the DC field
current gradually increases until the input power progressively reaches the minimum. When the operation
is suddenly changed to Condition II (5§ N'm at 200rpm), a new search is activated. Consequently, the
input power is also minimized by tuning the DC field current. When the operation is suddenly switched
to Condition III, which is actually the same as Condition I, the initial operation point is directly retrieved
from the memory. Therefore, it virtually takes no time to achieve the minimum input power. Then, the
efficiency optimization is evaluated when the air-gap flux density is above the optimal value as illustrated
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Figure 6.40 Responses of efficiency-optimizing control of HE-DSPM motor drive with increasing air-gap
flux density
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Figure 6.41 Responses of efficiency-optimizing control of HE-DSPM motor drive with decreasing air-gap
flux density

in Figure 6.41. It can be found that in Condition I (15 N m at 200 rpm), the DC field current decreases until
the input power gradually arrives at the minimum. When the operation is suddenly changed to Condition
II (10N m at 100 rpm), another new search is triggered, and comes up with another minimum. When the
operation suddenly returns to the same case as Condition I, the initial operation point is directly retrieved
from the memory so that it quickly settles at the minimum input power again.

6.9.2 Outer-Rotor Flux-Mnemonic DSPM Motor Drive

The structure of a five-phase outer-rotor FM-DSPM machine has been described as shown in Figure 6.24.
The corresponding operation principle has also been discussed. One unique feature of this motor drive
is the capability of high fault tolerance as summarized below:

e The use of five phases can allow for fault-tolerant operation under the loss of one phase or even two
phases, hence improving the reliability of the whole system.

e The armature winding and PMs are located in different layers of the stator so that the PMs can be
immune from accidental demagnetization by armature reaction, even under short-circuit fault.
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e The concentrated armature winding with the coil span equal to the slot pitch can offer good magnetic
independence among phases, which is desirable for phase-decoupling fault-tolerant operation.

e The armature current controller adopts the full-bridge topology, which can provide good electrical
independence among phases, thus enabling fault-tolerant operation based on those healthy phases.

e The magnetizing current controller employs the full-bridge topology, which can provide bidirec-
tional current pulses for independent magnetization or demagnetization of PM poles, thus enabling
fault-tolerant operation with or without PM poles.

e The outer rotor is simply composed of salient poles with no PMs or windings, hence offering high
mechanical robustness and high reliability for fault-tolerant operation.

Figure 6.42 shows the control block diagram for the dual-mode operation of this FM-DSPM motor
drive, in which there are five main parts: the machine, armature controller, armature inverter, magnetizing
controller, and magnetizing converter. In order to produce a temporary magnetizing or demagnetizing
current pulse with controllable magnitude, the magnetizing converter consists of a DC-DC converter and
a bridge converter, where the former functions to control the magnitude /,, of the current pulse and the
latter serves to control the direction D and duration 7 of the current pulse. The coefficient of PM flux
linkage k', where k € [0, 1], is the key factor determining the operation modes of this motor drive, namely
the DSPM mode and SR mode. When « is close to unity, the torque—current relationship of the machine
is more linear because the PM torque component is dominating; whereas, when « is close to zero, the
torque—current relationship is squarely related since the reluctance torque component becomes dominant
(Yu and Chau, 2011b).

Because of the nonlinearity of both the magnetization and demagnetization curves of the Al-Ni-Co
PMs, the relationship between « and /,, should be calculated by finite element analysis or experimentally
measured in advance and then stored as a look-up table. Accordingly, the duty cycle, 6 of the DC-DC
converter is adjusted to produce the desired value of ,,. The value of T is simply the minimum duration
to accomplish the magnetization or demagnetization process, which is not strictly controlled.
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Figure 6.42 Dual-mode operation of outer-rotor FM-DSPM motor drive
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For the armature controller, it adopts a conventional dual closed-loop control scheme, where the outer
speed loop adopts a proportional-integral-derivative (PID) regulator to perform speed control, and the
inner current loop uses a hysteresis regulator to perform CCC. By comparing the speed command with
the actual speed, the armature current command is resulted. Then by comparing the current command
with the actual current, the hysteresis regulator signal is generated. By logically combining the hysteresis
regulator signal with the phase conduction signal, which depends on the mode of operation, the gating
signal of each power device in the armature inverter can be obtained. In order to consolidate a conventional
half-bridge inverter used for the DSPM motor drive and a conventional asymmetric half-bridge inverter
used for the SR motor drive, the full-bridge inverter topology is adopted to power the armature winding.

The key design data of this outer-rotor FM-DSPM machine are listed in Table 6.3. In order to assess the
capability of online magnetization and demagnetization, the transient responses of the no-load EMF of the
motor drive at the speed of 100 rpm are simulated during two mode transitions, namely from the DSPM
mode to the SR mode and vice versa, as shown in Figure 6.43. It can be observed that the corresponding
duration of current pulse is only about 0.1 second. And the PMs can be completely demagnetized by using
a negative current pulse with a magnitude of 2.4 A so as to activate the SR mode, whereas the PMs can be
completely re-magnetized by using a positive current pulse with a magnitude of 10 A so as to reactivate
the DSPM mode.

Additionally, the operating performances under the DSPM mode and the SR mode are assessed as
shown in Figure 6.44 in which a bipolar armature current is applied under the DSPM mode while a
unipolar armature current is applied under the SR mode. It can be found that the armature current of 1.2 A
under the DSPM mode and that of 5.5 A under the SR mode produce the same output torque of about
20 N m. It can also be observed that the output torque ripple under the SR mode is larger than that under
the DSPM mode, which is due to its feature of half-stroke torque production.

When an open-circuit fault occurs, such as the winding open circuit and power device open circuit, it
results in disabling the faulty phase. Under this circumstance, the motor drive works as in the DSPM mode
while utilizing the remaining healthy phases for remediation. In general, without purposely adopting the
rotor skewing, the FM-DSPM machine offers an essentially trapezoidal back EMF so that the motor drive
normally runs in the DSPM mode under the BLDC operation. The remediation strategy for fault-tolerant
control under open-circuit faults is based on the use of BLAC operation for the remaining healthy phases
so that the resulting average torque can be maintained. The strategy is to first derive the relationship
between the BLDC operation and BLAC operation of the FM-DSPM motor drive to produce the same

Table 6.3 Key design data of outer-rotor FM-DSPM machine

Rated power 4kW
Rated speed 600 rpm
Constant-torque operation 0-600 rpm
Constant-power operation 600-2000 rpm
Number of phases 3

Number of stator poles 36
Number of rotor poles 24
Number of PM poles 6

Number of turns per armature coil 60
Number of turns of magnetizing coil 250

Rotor outside diameter 270 mm
Rotor inside diameter 221.2mm
Stator outside diameter 220 mm
Air-gap length 0.6 mm
Stack length 320 mm
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Figure 6.43 Transient responses of outer-rotor FM-DSPM motor drive: (a) DSPM mode to SR mode and
(b) SR mode to DSPM mode

torque, and then to derive the relationship of BLAC operations with different numbers of healthy phases
(Yu and Chau, 2011c).

Under the BLDC operation in the DSPM mode, the PM torque component is predominant whereas the
reluctance torque component is negligible. The developed torque 7, of this motor drive is governed by
the average value of the PM torque component as given by

T—P'— > BZE I, do+ " E 1, )do _ 2Eudin 6.73
| PN P Im* 1m P (_ lm) (_ lm) _T ( )

W 21w \

where P, is the electromagnetic power during BLDC operation, @ is the angular speed, E,,, is the ampli-
tude of the trapezoidal back EMF, I,,, is the amplitude of the rectangular current, and 6,(i = 1, 2, 3, 4)
stands for the turn-on or turn-off electrical rotor position in the BLDC operation with 6, — 6, =6, —
05 = 144° as depicted in Figure 6.45. Similarly, under the BLAC operation, the developed torque 7', can
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Figure 6.44 Steady-state waveforms of outer-rotor FM-DSPM motor drive: (a) DSPM mode and (b) SR mode
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be expressed as
P 2 5 " SEZmIZm

T2 = E = % o (E2m sin 0)(12171 sin 9)d6’ = T (674)

where P, is the electromagnetic power during BLAC operation, E,,, is the amplitude of the fundamental
component of the back EMF, and /,,, is the amplitude of the sinusoidal current. By applying Fourier
analysis to the trapezoidal back EMF waveform, it yields

= 143E, (6.75)

In order to achieve an equivalent output torque in these two operations, the relationship between I;,,
and I,,, can be readily deduced by setting Eq. (6.73) equal to Eq. (6.74). Then, by using Eq. (6.75), it
results in

L, = 1.121,, (6.76)

which indicates that the motor drive can offer the same output torque when the current magnitude at BLAC
operation is increased by 12% with respect to the current magnitude at BLDC operation. Figure 6.46 shows
the corresponding output torque and five-phase armature current waveforms under the normal BLDC and
BLAC operations. It can be seen that the same output torque can be resulted from two sets of armature
currents with different shapes and amplitudes.

On the basis of the principle that the electromagnetic torque of electric machines can be maintained as
long as the rotating MMF keeps unchanged. Under the open-circuit fault, although the sinusoidal distribu-
tion of currents in healthy phases cannot be changed, the amplitudes and temporal distribution of currents
are controllable. Therefore, the torque-equivalent BLAC operation of the remaining healthy phases is
employed to maintain the rotating MMF.

When the motor drive is under the normal BLAC operation, the phase currents are sinusoidal as
given by

i, =1, cosf

ip, =1, cos (0 + 27 /5)

i, =1, cos(0 +4x/5) (6.77)
iy =1,,cos(0 —4x/5)

i, =1, cos(0 —2x/5)

L

The corresponding current phasors are plotted in Figure 6.47. Because the phase windings are spatially
displaced from each other by 72°, the rotating MMF generated by these phase currents can be expressed
as the sum of the MMFs of all five phases:

MMF = i, Ny, + ai,Nyy + a?i, N,

Nop + @ igNyy + ai,N,, (6.78)

where N, is the number of turns per phase and @ = 1£ — 72° stands for the spatial distribution of phase
currents.

When there is one phase open-circuited, for instance, phase A, the corresponding current becomes zero.
Thus, the rotating MMF is the sum of MMFs of the remaining four healthy phases:

MMF' = ai) Ny, + o*i.Ny, + @i}, Nyy, + a*i,N,, (6.79)

Equating Eqs. (6.78) and (6.79) results in solving two equations with four variables (i , if,, /,, ;). In order

to eliminate two degrees of freedom, ij = —i/, and i, = —i, are selected so as to guarantee that the solution
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Figure 6.47 Phasor diagram of five-phase currents under normal BLAC operation

is unique and the summation of four current phasors is zero. Thus, the expressions of new phase currents
can be deduced as

i =0
il = 13821, cos (0 + 7/5)
3 i =1.3821,, cos(0 + 47 /5) (6.80)
i, = 13821, cos(0 — 4x/5)
i’ = 1.3821,, cos(d — /5)

The corresponding current phasors are shown in Figure 6.48. It can be seen that the remediation is to
regulate the phase-B current retarded by 36° and the phase-E current advanced by 36°, while keeping the
angles of phase-C and phase-D currents unchanged. Meanwhile, the current amplitudes of all the remain-
ing phases are increased by 38.2% of their pre-fault values. The output torque and five-phase armature
current waveforms are illustrated in Figure 6.49, where two couples of armature currents with reversed
phase angles and larger amplitudes can offer the equivalent torque after one phase open-circuited.

When there are two phases open-circuited, for instance, phases A and B, the corresponding currents are
set to zero simultaneously. Thus, the rotating MMF is the sum of MMFs of the remaining three healthy
phases:

MMF" = &*i!N,, + &’ i/N,, + a*i/ N, (6.81)
4 i

36 _ )m
i le

Figure 6.48 Phasor diagram of four-phase currents under remedial one-phase open-circuit brushless AC
operation
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Figure 6.49 Output torque and armature current waveforms of outer-rotor FM-DSPM motor drive under
remedial one-phase open-circuit brushless AC operation

Equating Egs. (6.81) and (6.78) results in solving two equations with three variables (i, i/, i;'). These

variables are purposely related by i/ + i/ + i) = 0 so as to guarantee that the solution is unique and the
summation of three current phasors is zero. Thus, the expressions of new phase currents can be deduced as

(7 =0
=0
{ i =2.2361,, cos (0 + 27/5) (6.82)

il = 3.6181,,, cos(d —4x/5)
| i) =2.2361,,, cos O

The corresponding current phasors are plotted in Figure 6.50. It can be seen that the angles of phase-C and
phase-E currents are regulated to those of the pre-fault phase-B and phase-A currents, respectively, while
the angle of phase-D current is unchanged. The amplitudes of phase-C and phase-E currents are 223.6%
of their pre-fault values, while the amplitude of phase-D current is 361.8% of its pre-fault value. The
corresponding torque and current waveforms are shown in Figure 6.51. It can be found that the two-phase
open-circuit operation can still maintain the output torque but suffers from a larger torque ripple.

Short-circuit faults in the FM-DSPM motor drive include the phase-to-phase winding short-circuit,
inter-turn winding short-circuit, winding short-circuit at terminals, and power device short-circuit. Among
them, the inter-turn winding short-circuit due to insulation failure is the most common one. When the
inter-turn short-circuit occurs in one phase winding, it can be analyzed by using a transformer equivalent
circuit as shown in Figure 6.52. The whole phase winding is considered as the transformer primary wind-
ing, whereas the short-circuit winding is treated as the transformer secondary winding. Thus, the circuit
equations can be expressed as

d
w=Ri+e=Ri+N,~

dt (6.83)
NN Rk

e sC dt scsc

sC
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Figure 6.51 Output torque and armature current waveforms of outer-rotor FM-DSPM motor drive under
remedial two-phase open-circuit BLAC operation
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Figure 6.52 Inter-turn short-circuit and equivalent circuit
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where y is the flux per phase, e is the induced EMF in the phase winding, e, is the induced EMF in
the short-circuit winding, i . is the current in the short-circuit winding, Ny, is the number of turns of the
phase winding, N, is the number of turns of the short-circuit winding, and R is the resistance of the
short-circuit winding. These induced EMFs and resistances can be related by

(6.84)

RSC
R

Hence, the phase and short-circuit currents can be expressed as
u—e
R
Csc €

TR TR

i=
(6.85)

sC

Since the resistance of phase winding is usually very small and the number of turns of inter-turn
short-circuit is also very few in most occasions, the corresponding influence on the phase current may
be negligible. Nevertheless, the magnitude of short-circuit current is actually very large. Typically,
the induced EMF, e is usually 85-95% of the terminal voltage u. Hence, substituting e = ku, where
k € [0.85, 0.95], into Eq. (6.85) results in

Lok
T —k

which indicates that there is a large current, 5.7-19 times the phase current, circulating through the shorted
turns. Consequently, it releases a large amount of heat energy that will worsen the inter-turn winding
short-circuit. Therefore, it is necessary to develop a remedial operation for such short-circuit fault.

Traditionally, the remediation of short-circuit fault is to disable the faulty phase. It is equivalent to
transfer the short-circuit fault problem to the open-circuit fault problem, and then employ the open-circuit
remediation. However, this strategy suffers from two drawbacks: one is the lower efficiency due to the lim-
itation of remaining healthy phases; another is the larger torque ripple due to the presence of zero-torque
zone. Thus, an alternative remediation strategy is necessary to enable the faulty phase continuing operation
in a special way.

In order to reduce the short-circuit current i

i (6.86)

it is required to decrease the induced EMF e as given by

sc?

dy  dypy | d(Li)
e=N,— =
P dr dt dt

(6.87)

It indicates that if the PM flux linkage, yyp,, is set to zero, e and hence i, will drop significantly. On
the other hand, i will increase significantly as revealed in Eq. (6.85), hence compensating the reduction
of the developed torque 7, because of the vanishing of the PM torque component Tp);. In this machine,
setting yp) to zero means that the Al-Ni-Co PMs are fully demagnetized, which can be easily realized
by applying a negative current pulse to the magnetizing winding. Thus, the FM-DSPM machine becomes
working as an SR machine. In other words, when the inter-turn short-circuit fault occurs, the remediation
is to change the mode of operation of the motor drive from the DSPM mode to the SR mode in such a
way that the average torque can be maintained.
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During the DSPM mode of this fault-tolerant operation, the average output torque per phase, 7}, can be

derived as
1 0, 0,
T, = > ( / I Kppd6+ / (-1,) (—KPM)d6’>
T 0, 0

3

1 024 ba g P
— —I2K,do =(=1,) (=K ,,)do
+ 271_ (Al 2 D™D +A‘ 2( D) ( D) )

6, -0,)
= %IDKPM (6.88)

where I}, is the armature current, 6,(i = 1, 2, 3, 4) is the turn-on or turn-off electrical rotor position, Kpy,
is the slope of variation of yp,,, and K, is the slope of variation of L, during the DSPM mode.

During the SR mode of this fault-tolerant operation, the average output torque per phase T’ can similarly
be derived as
92

T ] (llzKS)dO

T 2wy \29

0, -0, ,
where I is the armature current, Lg is the self-inductance, 6,(i = 1, 2) is the turn-on or turn-off electrical
rotor position, and Ky is the slope of variation of Lg during the SR mode. In order to maintain the same
output torque under these two modes, by equating Eqs. (6.88) and (6.89), the relationship between /;, and
I can be obtained as

[=2, /2™ (6.90)

where Kpy; and K are readily found from finite element analysis or experimental measurement. For a
given value of I, that is adopted for the DSPM mode of operation, the required value of /; that is deduced
from Eq. (6.90) for the SR mode of operation can maintain the same average output torque under the
inter-turn short-circuit fault at all phases as illustrated in Figure 6.53.

6.10 Potential Applications of Stator-PM Motor Drives in EVs

The stator-PM motor drives have high potentiality for EV application, because they can solve two funda-
mental problems of the existing PM brushless motor drives, including the PM synchronous motor drive
and PM BLDC motor drive, as detailed below:

e There are no PMs in the rotor, thus avoiding the problem on how to firmly mount them on the high-speed
rotor and hence to withstand the high centrifugal force.

e All PMs are located in the stator, thus facilitating the cooling arrangement and hence solving the thermal
instability problem of PMs.

As discussed earlier, there are five major types of stator-PM motor drives for EV propulsion: DSPM,
FRPM, FSPM, HEPM, and FMPM. Notice that both the HEPM and FMPM can incorporate the DSPM,
FRPM, or FSPM to form individual topologies such as the HE-DSPM and FM-DSPM motor drives. These
five major types of stator-PM motor drives are compared for EV propulsion in terms of their power density,
torque density, efficiency, controllability, PM immunity, robustness, manufacturability, and maturity. The
corresponding evaluation is summarized in Table 6.4.
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Figure 6.53 Output torque and armature current waveforms of outer-rotor FM-DSPM motor drive under
remedial short-circuit operation

Table 6.4 Evaluation of stator-PM motor drives for EVs

DSPM FRPM FSPM HEPM FMPM
Power density Medium Good High Medium Medium
Torque density Medium Good High High High
Efficiency Good Good Good High High
Controllability Medium Medium Medium Superb Superb
PM immunity Medium Weak Good Good Good
Robustness Strong Medium Medium Medium Medium
Manufacture Easy Medium Medium Hard Hard
Maturity High Medium Medium Low Low

In terms of power density and torque density, the FSPM motor drive is the best because it employs
the flux-focusing arrangement. Meanwhile, the power density of the doubly-fed HEPM and FMPM is
degraded because of the use of additional field or magnetizing winding. Nevertheless, the corresponding
torque, especially during starting, can be temporarily boosted up by instantaneous flux strengthening.
Those doubly-fed HEPM and FMPM motor drives possess the capability of air-gap flux control, which can
achieve higher efficiency than those with singly-fed DSPM, FRPM, and FSPM motor drives. Concerning
controllability, those doubly-fed HEPM and FMPM motor drives are much better than the singly-fed
motor drives.

As the PM material is relatively delicate, their immunity to accidental demagnetization and mechanical
abuse are of concern. The PM immunity of the FRPM motor drive is relatively weak because the cor-
responding PMs are mounted on the surfaces of stator poles that are prone to be partially demagnetized
under high armature field or high temperature operation and are vulnerable to physical damage under
severe vibration.
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In terms of robustness and manufacturability, the DSPM motor drive is the best because it offers the
highest simplicity in both the stator and rotor, leading to very robust nature and easy manufacturing. On
the contrary, the doubly-fed HEPM and FMPM motor drives need to install two sets of windings in the
stator, which degrades their manufacturability.

Concerning maturity, the DSPM motor drive is the most mature one because it has been developed for
over two decades. Next, the FSPM and FRPM motor drives are quite mature, which have been devel-
oped for over a decade. As the HEPM and FMPM motor drives are recently derived from the singly-fed
stator-PM motor drives, they are immature.
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7

Magnetic-Geared Motor Drives

For modern electric vehicles (EVs), the use of in-wheel motor drives is becoming more and more attrac-
tive. In particular, it can play the role of electronic differential, namely eliminating the bulky and heavy
mechanical differential. Since the wheel spins only a few hundred revolutions per minute, the in-wheel
motor is either a low-speed gearless outer-rotor one or a high-speed planetary-geared inner-rotor one.
The former takes the advantage of gearless operation, but its low-speed design causes bulky size and
heavy weight. The latter takes the merit of reduced overall size and weight, but suffers from transmission
loss, acoustic noise, and need for regular lubrication. By incorporating the magnetic gear into the electric
motor, the magnetic-geared motor can simultaneously possess the advantages of high-speed motor design
and low-speed output motion as well as pseudo-gearless transmission.

In this chapter, magnetic-geared (MG) motor drives, including their system configurations, magnetic
gears, MG machines, power inverters, and control strategies, are discussed. Their design criteria, design
examples, and potential applications are also presented.

7.1 System Configurations

The MG motor drive essentially consists of the MG machine, power inverter, and electronic controller.
The core is the MG machine which basically couples the magnetic gear and electric machine together.
On the basis of the types of magnetic gears, namely, the spur gear, planetary gear, and coaxial gear, and
the arrangements of electric machines, namely the inner-rotor type and outer-rotor type, the MG machine
can be classified into the following six types as depicted in Figure 7.1:

Inner-rotor machine coupled with magnetic spur gear.
Outer-rotor machine coupled with magnetic spur gear.
Inner-rotor machine coupled with magnetic planetary gear.
Outer-rotor machine coupled with magnetic planetary gear.
Inner-rotor machine coupled with magnetic coaxial gear.
Outer-rotor machine coupled with magnetic coaxial gear.

Among the aforementioned types, the outer-rotor machine coupled with magnetic planetary gear and
the outer-rotor machine coupled with the magnetic coaxial gear are preferred to the others because the
magnetic planetary gear and magnetic coaxial gear can directly mount onto the outer rotor of the machine.
Hence, the outer rotor of the machine can share its rotating body with the sun gear of the magnetic plane-
tary gear as shown in Figure 7.2, and it can also share its rotating body with the inner gear of the magnetic
coaxial gear as shown in Figure 7.3.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 7.1 Basic configurations of MG machines: (a) inner rotor plus spur gear; (b) outer rotor plus spur
gear; (c¢) inner rotor plus planetary gear; (d) outer rotor plus planetary gear; (e) inner rotor plus coaxial gear;
and (f) outer rotor plus coaxial gear

Between the two outer-rotor configurations, the magnetic-coaxial-geared machine takes the following
advantages over the magnetic-planetary-geared machine:

e All magnets of the magnetic coaxial gear contribute to torque transmission simultaneously, whereas
only the pseudo-contact magnets of the magnetic planetary gear contribute to torque transmission.
Hence, the magnetic-coaxial-geared machine can offer higher torque density.

e The thickness of the modulation ring of the magnetic coaxial gear is much smaller than the diameter
of the planet gear of the magnetic planetary gear. Hence, the magnetic-coaxial-geared machine can be
much more compact.



Magnetic-Geared Motor Drives 197

Machine Machine

Planet

gears Ring gear
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Figure 7.3 Magnetic-coaxial-geared machine configuration

7.2 Magnetic Gears

Mechanical gears are well developed and utilized to a great extent in industrial applications that a couple of
mechanical gears have been adopted as a symbol of modern industrial civilization. In short, mechanical
gears are employed to transmit torques or forces as well as alter the forms of motion, which include
the speeds of motion and the directions of motion. Although mechanical gears work well in most kinds
of applications, the corresponding contact mechanism inevitably arouses many nuisances, such as the
frictional loss, audible noise, and mechanical vibration as well as the need for regular lubrication and
maintenance.

With the advent of rare-earth permanent magnets (PMs), such as the neodymium-iron-boron (Nd-Fe-B)
alloy, the development of magnetic gears has attracted wide attention. In fact, the idea of magnetic gears
can be traced back to the beginning of the twentieth century. In 1913, a US Patent Application described
an electromagnetic gear, which should be the original topology (Neuland, 1916), but almost no one was
interested in it at that time. Until a magnetic spur gear was proposed in 1941 (Faus, 1941), people paid
attention to magnetic gearing.
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Basically, there are two major classes of magnetic gears: converted topology and field-modulated topol-
ogy. The former is a direct extension from the mechanical gear topology. It simply replaces the slots and
teeth of the mechanical gear by N-poles and S-poles of PMs, respectively. The low utilization of PMs
is the key problem which causes poor torque density. The latter is based on the modulation of magnetic
fields produced by two PM rotors. Hence, all PMs can simultaneously contribute to torque transmission,
leading to offer higher torque density (Li ef al., 2013).

7.2.1 Converted Magnetic Gears

In 1980, a multi-element magnetic gear was proposed (Hesmondhalgh and Tipping, 1980), which
employed the variable reluctance principle to transmit torque. Then, a magnetic involute gear (Tsurumoto
and Kikuchi, 1987) and a magnetic worm gear (Kikuchi and Tsurumoto, 1993) were proposed as
shown in Figures 7.4 and 7.5, respectively. All these magnetic gears are essentially converted from their

Figure 7.4 Magnetic involute gear

\\\\\llfll///-
C
/7T

\

Figure 7.5 Magnetic worm gear



Magnetic-Geared Motor Drives 199

mechanical counterparts. Due to the low utilization of PMs, they all have a poor torque density, typically
less than 2 kN m/m?.

Rather than developing those complicated magnetic involute gear and worm gear, many researchers
focus on the development of parallel-axis magnetic spur gears, which include two different magnetic cou-
plings: radial-coupling and axial-coupling (Jorgensen, Andersen, and Rasmussen, 2005). Figure 7.6 shows
two different radial-coupling topologies and one axial-coupling topology. In addition, a perpendicular-axis

Figure 7.6 Parallel-axis magnetic spur gears: (a) external radial-coupling; (b) internal radial-coupling; and
(c) axial-coupling
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magnetic spur gear (Yao et al., 1996) is developed as shown in Figure 7.7. Although the configuration of
parallel-axis or perpendicular-axis magnetic gears is very simple, their torque density is very low, typically
less than 12 kN m/m?, which limits their widespread applications.

With reference to the structure of the mechanical planetary gear, a magnetic planetary gear (Huang
et al., 2008) is developed as shown in Figure 7.8. Similar to its mechanical counterpart, the magnetic
planetary gear has high torque density, high gear ratio, and versatile transmission. In general, the more
the number of magnetic planet gears, the higher the torque density can be resulted. For instance, the
magnetic planetary gear with six magnetic planet gears can achieve nearly 100 kN m/m? of shear stress
on the magnetic ring gear. This torque density is somewhat comparable with that of the mechanical spur
gear (100-200 kN m/m?). Hence, there is an increasing interest in using the magnetic planetary gear for
various applications, such as the wind power generation and electric direct-drive propulsion.

7.2.2  Field-Modulated Magnetic Gears

In 2001, a new breed of magnetic gears (Atallah and Howe, 2001) was proposed which was fundamen-
tally different from the converted magnetic gears. As shown in Figure 7.9, it consists of three coaxial
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bodies: two of them are mounted with PMs to serve as the inner and outer rotors and the sandwiched
body is a stationary modulation ring mounted with ferromagnetic segments. Its principle of operation
relies on the use of ferromagnetic segments to modulate the magnetic fields produced by the two PM
rotors (Atallah, Calverley, and Howe, 2004; Jian and Chau, 2009a). Because of the simultaneous contri-
bution of all PMs to the torque transmission, this magnetic coaxial gear exhibits a high torque density,
typically 50-150 kN m/m>.

Following the advent of the magnetic coaxial gear, which is a radial-flux magnetic gear, other two mor-
phologies have also been proposed: the magnetic linear gear (Atallah, Wang, and Howe, 2005; Li and
Chau, 2012) and magnetic axial-flux gear (Mezani, Atallah, and Howe, 2006) as shown in Figures 7.10
and 7.11, respectively. With the use of Nd-Fe-B PM material, the magnetic linear gear can offer the force
density exceeding 1.7 MN/m?, which makes it promising for many kinds of linear-drive applications such
as electric railway traction and wave energy harvesting (Li, Chau, and Jiang, 2011). Similarly, the mag-
netic axial-flux gear can achieve the torque density exceeding 70 kN m/m?, which is particularly attractive
for applications to pancake-shaped direct drives such as the in-wheel propulsion and aerospace pumps,
where a hermetic isolation between the input and output shafts is required.
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The first generation of magnetic coaxial gears is based on the use of radially magnetized PMs mounted
on the outer surface of the inner rotor and the inner surface of the outer rotor as shown in Figure 7.12,
where the arrow indicates the direction of magnetization. This radial-PM or surface-PM configuration
takes the advantage of simplicity, but suffers from mechanical integrity under high-speed operation.

By magnetizing several pieces of PMs with proper orientations of magnetization to form a magnetic
pole, it offers some attractive features: near-sinusoidal air-gap flux density distribution, strong magnetic
field intensity, and good self-shielding magnetization (Halbach, 1980). By utilizing the concept of Halbach
array of PMs, the resulting magnetic coaxial gear (Jian and Chau, 2010) is shown in Figure 7.13, which
can offer higher torque density and lower torque ripple than the original one. However, the manufacturing
process of Halbach-PM arrays is complicated and costly. In addition, taking into account the centrifugal
force and mechanical stress, Halbach configuration is not preferable for high-speed torque transmission.



Magnetic-Geared Motor Drives 203

Outer rotor

ring [nner rotor

Figure 7.13 Magnetic coaxial gear with Halbach-magnetized PMs

In order to improve the mechanical integrity or robustness, the PMs can be inserted or buried in the
iron core. Meanwhile, these interior PMs can be tangentially magnetized in such a way that two PM
pieces are arranged to constitute a PM pole, leading to strengthen the air-gap flux density — the so-called
flux-focusing or flux-concentrating arrangement. Figure 7.14a shows the magnetic coaxial gear with all
PMs in the inner rotor tangentially magnetized (Rasmussen et al., 2005), whereas Figure 7.14b shows the
magnetic coaxial gear with all PMs in the outer rotor tangentially magnetized (Li et al., 2011). Both of
them adopt the flux-focusing arrangement, hence improving the flux density in the relevant air-gap (Jian
et al., 2009). Whether the inner rotor or outer rotor or both rotors adopting this arrangement depends on
the rotational speed and hence the centrifugal force that need to withstand.

To further improve the mechanical integrity, the bipolar-magnetized PM poles (namely the N-pole and
S-pole are alternating along the circumference) can be replaced by the unipolar-magnetized PM poles
(namely the PM pole and iron tooth are alternating along the circumference) so that the iron tooth is
induced to have an opposite magnetic polarity with that of the neighboring PM pole (Liu et al., 2009).
Figure 7.15 shows the configuration of a typical magnetic coaxial gear using unipolar-magnetized PMs
in the outer rotor. This configuration can greatly improve the mechanical integrity and simplify the man-
ufacturing process, while the torque density can be maintained.

The aforementioned magnetic coaxial gears are compared in terms of their torque density, torque
ripple, manufacturability, mechanical integrity, and maturity. Table 7.1 summarizes the results that illus-
trate that the radial-PM configuration is preferred when simplicity and maturity are desired, whereas the
Halbach-PM configuration is most favorable when torque density and torque ripple are of particular con-
cern. On the other hand, the tangential PM configuration is attractive when torque density and mechanical
integrity are essential, whereas the unipolar-PM configuration becomes attractive when manufacturability
and mechanical integrity are important.

7.3 MG Machines

The MG machine can be considered as a machine integrated with a magnetic coaxial gear. The principle
and modeling of the machine part are the same as the original machine, which will not be further discussed.
The operating principle and mathematical modeling of the magnetic coaxial gear is the key to realize the
desired performance, namely the high-speed machine design and low-speed output rotation, which will
be described in detail.



204 Electric Vehicle Machines and Drives

Outer rotor

ring Inner rotor

Quter rotor

Modulation
ring

Figure 7.14 Magnetic coaxial gear with tangentially magnetized PMs: (a) inner rotor and (b) outer rotor

Quter rotor

Modulation

ring Inner rotor

Figure 7.15 Magnetic coaxial gear with unipolar-magnetized PMs



Magnetic-Geared Motor Drives 205

Table 7.1 Comparison of different magnetic coaxial gear configurations

Configuration Torque density ~ Torque ripple =~ Manufacturability = Mechanical integrity =~ Maturity

Radial-PM Good Medium Easy Medium High
Halbach-PM Excellent Low Difficult Low Low
Tangential-PM  Very good High Medium High Medium
Unipolar-PM Good High Easy High Medium

7.3.1 Principle of MG Machines

Since the machine part and the magnetic coaxial gear are generally designed with no electromagnetic
field couplings, the operating principle of the machine part is the same as that of the original machine.
Meanwhile, the operating principle of the magnetic coaxial gear is fundamentally different from that of
the machine part and plays an important role for torque transmission.

The magnetic fields in the magnetic coaxial gear are due to the PMs in both the inner and outer rotors
under the influence of the stationary modulation ring. To realize its principle of operation, the modulation
ring is initially removed as shown in Figure 7.16. The corresponding magnetic field distribution can be
described by the Laplacian and quasi-Poissonian equations of the scalar magnetic potential (Xia, Zhu, and
Howe, 2004). Detailed derivations can be found in Atallah, Calverley, and Howe (2004) and Jian (2010).

(b)

Figure 7.16 Magnetic fields of magnetic coaxial gear excited by PM rotors without modulation ring: (a) inner
rotor and (b) outer rotor
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The radial and tangential components of the magnetic flux density solely produced by the inner PM rotor
and outer PM rotor are given by

R pitl
B A 1- ( a> , pi—1 Rb pi+l Rb pi+l
>,[( B G
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where p; and p, are the numbers of PM pole-pairs in the inner and outer PM rotors, respectively; R, and
R, are the inside and outside radii of the inner PM rotor, respectively; R, and R are the inside and outside
radii of the outer PM rotor, respectively; o; and @, are the rotational speeds of the inner and outer PM
rotors, respectively; and 6,, and 6, are their initial phase angles. The coefficients A, B, C, and D are all
functions of the radial distance, 7 but independent of the position angle, 6.

Taking into account the modulation ring as shown in Figure 7.17, the ferromagnetic segments can be
considered to have infinite permeability and hence be equipotential on both inner and outer air-gaps.
Their distortion effect on the magnetic field is similar to the slotting effect in PM brushless machines
(Wang et al., 2003), which can be approximated by multiplying the original field distribution with a
modulating function. Also, since this distortion occurs in two dimensions, the use of two-dimensional
complex permeance function (Zarko, Ban, and Lipo, 2006) is preferred. Thus, the magnetic flux density
in the presence of the modulation ring can be expressed as

B, = B,\* (1.5)

where B,, and B, are the magnetic flux densities in the air-gaps with and without the stationary modulation
ring, respectively and A* is the complex relative air-gap permeance. In polar coordinates, it can be

written as - -
AN =AN"ée,—Nje, (7.6)
For the inner and outer air-gaps, it yields

Ay =Ag+ D Ay cos(kN,0) (7.7)
k=1
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Figure 7.17 Magnetic fields of magnetic coaxial gear excited by PM rotors with modulation ring: (a) inner
rotor and (b) outer rotor

Agi= )" Agy sin(kN,0) (7.8)
k=1
Ay =App+ D Ay cOSKN, ) (7.9)
k=1
Ago =D Mgy sSin(kN,0) (7.10)
k=1

where N is the number of ferromagnetic segments in the modulation ring; A,;,, A, and Ay, are the
Fourier coefficients of the inner air-gap permeance; and A, A,;, and A4, are the Fourier coefficients
of the outer air-gap permeance. Thus, the modulated flux density in the inner air-gap excited by the inner
PM rotor can be expressed as

B, = N,B(R,) + NgiByi(R,)

ri*ri

=a,cos(pi(0 — 1) +pfig) + Y. D @y cos | py (0 — wyt) +jpi] (7.11)
j==+1 k=1
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By, = AriB9i(Rgi) - A9iBri(Rgi)
= by sin(p(0 — o) + pg) + D V. byesin [ py (6 = wyt) +jp0) (7.12)
j=1 k=1

The modulated flux density in the outer air-gap excited by the inner PM rotor can be expressed as

i AroBrt(R ) + AHUBHi(Rgo)

o0

= ¢, cos(p;(0 — w;t) + p,0;)) + Z Cjy, COS qu 49 o ) +Jp; ,0] (7.13)
j=£1 k=1
BGoi = AroBGi(Rgo) - ABoBri(Rgo)
=d, sin(p;(0 — w;t) + p;0;y) + Z Z [y sin [puk (9 a)ukt) +]p,9,0] (7.14)
j=x1 k=1

Similarly, the corresponding inner and outer air-gap flux densities excited by the outer PM rotor can be
expressed as

rz rO

(Ryi) + NgiBoo (R

= C08(P, (0 = 0,1) + P,0,0) + D\ D €508 [ poys (0 = w,t) +jp, 0] (7.15)
j==1 k=1

BGio = AriBQO(Rgi) - 91 ro(Rgl)

= /o Sin(p, (0 = @,0) +p,0,0) + ) i Fesin [ i (6= @) + 2,00 (7.16)
j=1 k=1
=A,B,,(Ry,) + NgyByy(Ry,)
=gy cos(p,(0 —w,t)+p,0,,) + _Zl ]i 8jx cos [pojk (9 — wojkt) +jp0000] (7.17)
J=xl k=
Booo = NroBoo(Ryo) = NooByry(Ryy)
= hysin(p,(0 — w,t) +p,0,) + Z Z , Sin pnjk (9 C%,kt) +jp0900] (7.18)

j=+1 k=1

where R,; and R, are the radii of the inner and outer air-gaps, respectively; a,, by, ¢, dy. €y, fy» 89 andhy,
as well as Ao by, Cipo i €5t [io 8jpo and hy are all constant coefficients; p and p,; are the pole-pair
numbers of the harmonic components in the inner and outer air-gaps, respectively, which are given by

Pojx = kN +Jp,

wherej=xlandk =1, ..., 00; w;; and w,; are the corresponding rotational speeds as given by
__Jrio;
ik = TN +jp,
3 i (7.20)

w . = PP
kN, + jp,
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where w; and w, are the speeds of the inner and outer rotors, respectively. Finally, ignoring the nonlinear
factors of the magnetic path, the resultant magnetic fields in the inner and outer air-gaps are obtained as

B,=B,;+B,,

rii

=a, cos(p;(0 — w;t) + p;0y) + ey cos(p,(0 — w,t) +p,0,)

+ Z Z [ajk cos (p,-jk (9 - a)ijkl) +jpl»9,-0) + e cos(pojk(e - a)ojkt) +jp0900)] (7.21)
j=+1 k=1

By; = By; + By,

= b, sin(p;(0 — w;1) + p,0;y) + fo sin(p, (6 — w, 1) +p,0,)

+) Z[ i sin ( Py (0 — wyt) +jpi0y) + Fi Sin(pop(0 — o) +jp,0,0)]  (7.22)
j==x1 k=

Bro = Broi + Br(m
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+ Z 2 [Cjk cos (pijk (9 - wijkt) +jPi9i0) + 8jx cO8(P (8 — ;1) +jl70900)] (7.23)
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Beo = B@oi + BHoo
=d, sin(p;(6 — ;1) + p,0;y) + hy sin(p,(0 — w,1) + p,0,)

+) Z[ esin (py (8 = wt) +Jpi0) + hy SN0 — 0ou1) +p,0,0)]  (7.24)
j==x1 k=

In order to function as a mechanical gear, the magnetic gear should provide stable torque transmis-
sion while the rotors rotate at different speeds. To achieve this goal, the combination of (p;,p,,N,) is
governed by

N,=p,+p, (7.25)
The resulting gear ratio, G, is given by
[OR
G =P 2 (7.26)
Pi @,

where the negative sign means that the two rotors rotate in opposite directions.
The average magnetic torque developed on the inner rotor can be determined by calculating the Maxwell
stress in the inner air-gap:

LeRl
T,=— / B,;By,d6 (7.27)
Ho Jo

where L, is the effective axial length. From Eqs. (7.21) and (7.22), it can be found that both the radial and
tangential flux densities in the inner air-gap involve infinite harmonic terms. Each term can be generally
expressed as

b,;=6bcos(p,b +a) (7.28)
by; = esin(p,0 + p) (7.29)
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where p,, and p, are the pole-pair numbers; @ and § are the phase angles; and 6 and € are constant coef-
ficients. Thus, it yields

2 2
/ bbyd = / 5e cos(p, 0 + ) sin(p,0 + )do
0 0

0
— . Pm ;épn (730)
587[51n(ﬂ_a) P =Py

It can be found that the product term b,;b,; can contribute to the average magnetic torque if it satisfies two
rules:

e R1:b,; and b,; have the same pole-pair number.
e R2: b,; and by; have different phase angles.

Therefore, based on Egs. (7.19), (7.20), (7.25), and (7.26), and the rules R1 and R2, the product term, b,;b,;
that has contribution to the average magnetic torque can be deduced, which is denoted as the effective
harmonic. Consequently, the pole-pair numbers of the effective harmonics in the inner air-gap and their
contributed magnetic torques are obtained as listed in Table 7.2.

Similarly, the average magnetic torque developed on the outer rotor can be determined by calculating
the Maxwell stress in the outer air-gap:

L,R2 2«
T,, = —= / B, B,,d60 (7.31)
Ho Jo

Consequently, the pole-pair numbers of the effective harmonics in the outer air-gap and their contributed
magnetic torques can be deduced, which are summarized in Table 7.3.

Table 7.2 Magnetic torque constitution in inner air-gap of magnetic coaxial gear

Pole-pair number Magnetic torque contributed

LR%,
Di =Po-ni ”Uj [” (apfon = boefu) sin(p, 0, _Pioio)]
Do =Pin L;:j [” (foa—n - eob_n) sin(p,0,0 — piei())]
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Table 7.3 Magnetic torque constitution in outer air-gap of magnetic coaxial gear

Pole-pair number Magnetic torque contributed
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hoc_yy = god—u) sin(p,0, _piei())]

Po-tgerny =Pix k=1, ..., 0) Cihigeery = dlkg—l(kﬂ)) sin(p,0,0 _Piefo)]

[
P, =Pini £ [z

[

[

—_—~ o~~~

Picigesty = Poix (k=1,- -+, 00) Iy — glkd—l(kﬂ)) sin(p,0,4 _pigio)]




Magnetic-Geared Motor Drives 211

Both Tables 7.2 and 7.3 illustrate that the magnetic torques developed on the inner and outer rotors are
sinusoidal functions of the initial phase angle difference of the two rotors. Since they are independent of
time, the magnetic gear can transmit stable magnetic torque while realizing speed variation as governed
by Eq. (7.26).

7.3.2  Modeling of MG Machines

Since the magnetic gear only provides the torque transmission function, the mathematical modeling of
the MG machine depends on the machine that is integrated with the magnetic gear. While the magnetic
gear inevitably utilizes the rare-earth PM material, the machine part naturally adopts the PM brushless
machine. This PM brushless machine can be sinusoidal-fed (PM brushless AC machine) or rectangular-fed
(PM brushless DC machine).

The MG PM brushless DC machine has been identified as the most promising candidate for in-wheel
motor drive application. It takes the definite advantages of high torque density and simple control. The
corresponding modeling is similar to that of a standard PM brushless DC machine as given by

u, ROO|]i, L-M O 0 i, e,
u, =10 RO|f|i,{+] O L-M 0 |[pl|i[+]e (7.32)
u, 00R]||i 0 0 L-M i e,

where [u,, u,,u.], [e,, e, e, and [i,, i,,i.] are the stator voltage vector, back electromotive force (EMF)
vector, and armature current vector of the phases A, B, and C, respectively, and R, L, and M are the phase
resistance, self-inductance, and mutual-inductance, respectively.

The electromagnetic torque of this PM brushless DC machine is given by

T, = (e i, + e,i, +e i)/ w; (7.33)

which serves to drive the inner rotor of the magnetic coaxial gear. Hence, the motions of the inner and
outer rotors are governed by

dw,;

J; 7 T,-T,, — Bw, (7.34)
do,

JOT = Tmo - TL - Boa)o (735)

where J;, J, and B;, B, are the moments of inertia and viscous friction coefficients of the inner and outer

rotors, respectively, and T,; and T,,, are the developed magnetic torques on the inner and outer rotors,
respectively.

7.4 Inverters for MG Motors

As mentioned earlier, the magnetic gear of the MG machine for motoring operation is essentially passive
so that the power converter for the MG motor is governed by the machine itself. Again, since the natural
choice of the machine for the MG motor is the PM brushless machine, the traditional inverter can readily
be used.

Although the inverter can be voltage-fed or current-fed, the latter one is seldom used because it usually
needs to install a large series inductance to emulate the current source. In fact, the voltage-fed inverter
shown in Figure 7.18 is almost exclusively used because of its simple topology and inherent bidirec-
tional power flow capability. Meanwhile, this voltage-fed inverter can be either voltage-controlled or
current-controlled. The former takes the definite advantage of simple voltage control, whereas the latter
offers the distinct advantage of direct current control. For EV propulsion, the current-controlled inverter
is preferred to provide the desired current and torque responses for high-performance operation.
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Figure 7.18 Three-phase full-bridge voltage-fed inverter

7.5 MG Motor Control

Similar to the modeling and inverter for the MG machine, the control strategy depends on the machine
itself. Apart from the control strategies for the PM brushless motor drive that have been discussed in detail
in Chapter 4, four emerging control strategies, namely the efficiency optimizing control, direct torque
control, artificial intelligent control, and position sensorless control, are briefly discussed and compared
for application to the MG motor drive (Chau, Chan, and Liu, 2008).

Different motor drives may employ different ways for efficiency optimization. When the MG motor
drive adopts the PM brushless AC machine, the efficiency optimizing control strategy is particularly
attractive for EVs because the EV driving range per charge is still quite limited. An improvement in
efficiency for electric propulsion can significantly lengthen the driving range. Figure 7.19a depicts the
control strategy in which the efficiency optimization is achieved by online tuning the d-axis armature cur-
rent, I, in such a way that the total loss of the motor drive can be minimized (Cavallaro ez al., 2005). The
corresponding loss, P, can be represented by

Py T, ) = Pe (1, T, ) + Py, T, ) (7.36)

where P, is the copper loss and Py, is the iron loss for the given torque T and speed w. As shown in
Figure 7.19b, there is a unique d-axis armature current for a given operating point (7, @) to achieve the
optimal efficiency. In particular, the minimum total loss occurs at a lower d-axis armature current than
that of the minimum copper loss, hence illustrating that the maximum torque per ampere control cannot
maximize the overall efficiency.

Direct torque control is becoming attractive for EVs, particularly for in-wheel motor propulsion, which
desires fast torque response. It takes the definite advantages that it does not rely on current control and less
depends on parameters. When the MG motor drive adopts the PM brushless AC machine, the direct torque
controller adjusts the torque and flux linkage independently. The controller outputs proper voltage vectors
via the inverter in such a way that these two variables are forced to follow the predefined trajectories
(Pascas and Weber, 2005). Figure 7.20 shows the corresponding control block diagram and its typical
torque tracking performance.

Artificial intelligence-based control strategies, such as the self-tuning control, fuzzy logic control, neu-
ral network control, neuro-fuzzy control, and genetic algorithm control, are becoming attractive for motion
control. Among them, the self-tuning control and fuzzy logic control are relatively mature. They are par-
ticularly attractive for the MG motor drive because they can effectively handle system nonlinearities and
sensitivities to parameter variations under harsh working environment in EVs. Figure 7.21 shows the
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Figure 7.19 Efficiency optimizing control: (a) control block diagram and (b) loss minimization

self-tuning (ST) fuzzy proportional-integral (PI) control block diagram and its typical transient speed
response as compared with that of the conventional PI control (Cheng, Sun, and Zhou, 2006).

In order to achieve high performance for EV propulsion, the MG motor drive desires accurate position
feedback. In order to get rid of the costly and bulky position encoder, the use of position sensorless control
is becoming attractive. There are various position estimation techniques that can mainly be classified as
the motional EMF, inductance variation, and flux-linkage variation. Basically, the position information
is derived by online analysis of the measurable voltages and currents of the motor. Figure 7.22 shows
the corresponding control block diagram and the estimated speed with respect to the actual one (Silva,
Asher, and Sumner, 2006). It should be noted that the position encoder is almost mandatory for EV motor
drives because maturity and reliability are the major concerns, and the cost of position encoder is in fact
insignificant compared with the total EV propulsion cost. Nevertheless, with ever-increasing concern on
EV fault-tolerant operation, the position sensorless control can play an important role in fault-tolerant
operation when the position encoder is malfunction or under fault condition.

7.6 Design Criteria of MG Motor Drives for EVs

In order to kick off the design of MG motor drive, the initialization of some basic dimensions of the
MG machine is important. There are some design criteria for this MG machine, aiming to achieve torque
density over 100 N m/I (Rasmussen et al., 2009):
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Figure 7.20 Direct torque control: (a) control block diagram and (b) torque tracking

e The PM thickness in the high-speed inner rotor is more important than that in the low-speed outer
rotor in terms of the torque density. It is due to the fact that the PM pole arc in the outer rotor is
so short that thicker PMs will not significantly increase the flux density in the presence of larger flux
leakage; meanwhile, the PM pole arc in the inner rotor is relatively long so that thicker PMs will actually
improve the flux density. While adopting thicker PMs in the inner rotor to improve the torque density,
the corresponding centrifugal forces under high-speed operation are concerned.

e As the ferromagnetic segments of the modulation ring are exposed under changing magnetic field,
they have to be laminated to avoid extensive iron losses. Between those laminated segments, nonmag-
netic material such as plastics should be inserted in order to improve the mechanical integrity without
disturbing the magnetic field.

e In order to fix the PMs on the inner and outer rotors, high-tensile-strength adhesives are usually
employed. When high centrifugal forces are anticipated, a nonmagnetic retaining can is used to secure
the PMs on the high-speed rotor. Nevertheless, the use of retaining can will inevitably increase the
effective air-gap length and hence degrade the torque density.

e The yoke of the inner rotor of the magnetic gear, which is also the outer rotor of the electric machine
part, should be thick enough to decouple the magnetic fields between the electric machine part and
magnetic gear. Otherwise, the speed or torque control of the electric machine part will be affected by
the magnetic gear.

e Since the machine part is generally designed to offer flux-weakening operation, the corresponding stack
length can be shorter than the magnetic gear. By adopting such unequal axial lengths, there is no need
to spend extra space to accommodate the end-windings of the machine part.
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Figure 7.21 Self-tuning fuzzy PI control: (a) control block diagram and (b) speed response

e Since the MG machine generally adopts the inner-stator arrangement, the heat dissipation is a challenge.
In the absence of special cooling, the current density of the armature winding should be limited to
5 A/mm? and the slot fill factor should not be higher than 60%.

7.7 Design Examples of MG Motor Drives for EVs

Since the magnetic gear inevitably uses PMs, the machine part of the MG motor naturally adopts the PM
brushless machine. As the MG motor drive possesses the definite merit of gearing effect, the designs of
two MG PM brushless motor drives for in-wheel EV propulsion are used for exemplification.

7.7.1 MG PM Brushless DC In-Wheel Motor Drive

Figure 7.23 shows the MG PM brushless DC in-wheel motor (Jian, 2010) in which the outer-rotor PM
brushless DC motor is artfully integrated with the magnetic coaxial gear to achieve compact construction.
It consists of four main parts: the motor stator, the motor outer rotor, which is also the gear inner rotor,
the modulation ring, and the gear outer rotor. There are totally three air-gaps that separate these four parts
from one another. In order to provide magnetic paths while reducing eddy current loss, the modulation ring
is made up of laminated ferromagnetic segments with epoxy filled between them to enforce the structural
strength for high torque transmission. Both the gear inner rotor and outer rotor are supported by bearings
on the shafts to guarantee free rotations. For direct driving, the tire rim is directly mounted onto the gear
outer rotor. The inner rotor is designed like a cup with PMs mounted on its inner and outer surfaces. In
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Table 7.4 Design parameters of MG PM brushless DC
in-wheel motor

Rated power SkW
Rated frequency 220Hz
Rated gear inner-rotor speed 4400 rpm
Rated gear outer-rotor speed 600 rpm
Number of phases 3
Number of stator slots 27
Number of inner-rotor pole-pairs 3
Number of outer-rotor pole-pairs 22
Number of ferromagnetic segments 25
Outside diameter of stator 120 mm
Inside diameter of inner rotor 121.2mm
Outside diameter of inner rotor 142.8 mm
Inside diameter of modulation ring 144 mm
Outside diameter of modulation ring 170 mm
Inside diameter of outer rotor 172 mm
Outside diameter of outer rotor 184 mm
Axial length 100 mm
PM material Nd-Fe-B

addition, PMs are attached on the inner surface of the gear outer rotor. All the PMs are radially magnetized,
and the PM pole-pair numbers of the inner and outer rotors are 3 and 22, respectively, while the number
of ferromagnetic segments is 25. Thus a gear ratio of —22: 3 is resulted. The key design parameters are
listed in Table 7.4.

In order to take into account the saturation and fringing effects, finite element analysis is employed.
The electromagnetic field distributions of this MG PM brushless DC in-wheel motor under no-load and
full-load conditions are shown in Figure 7.24. It can be observed that most of flux lines can pass through
all three air-gaps, thus contributing to torque transmission. There are also some flux lines directly turning
around the boundaries of adjacent PMs, which are useless for torque transmission and arouse power loss.
Moreover, by comparing the field distributions at no load and full load, it can be observed that the armature
reaction has only a slight effect on the magnetic gear. Figure 7.25 illustrates the no-load radial flux density
waveforms in the inner, middle, and outer air-gaps. It can be found that the effective harmonics of the
flux densities in the inner and middle air-gaps has 3 pole-pairs whereas that in the outer air-gap has 22
pole-pairs, thus verifying the modulating effect of the modulation ring.

On the basis of the inner air-gap flux density distribution, the back EMF induced in the three-phase
armature winding of the stator can readily be deduced. Figure 7.26 shows the three-phase EMF wave-
forms when the inner rotor is rotating at a rated speed of 4400 rpm. As these back EMF waveforms are
essentially trapezoidal, the PM brushless DC motor operates in the 120° conduction mode. Thus, by apply-
ing rectangular phase current with 120° conduction, and at any time two phases are conducted, the steady
torque can be developed.

Consequently, the dynamic performances of this magnetic-geared PM brushless DC motor drive are
assessed. Figure 7.27 shows the start-up speed responses under the motor speed command of 2000 rpm.
It can be observed that the steady-state outer-rotor speed of the gear is reduced by about 7.3 times as
compared with the steady-state inner-rotor speed of the gear. As they rotate in opposite directions, it
well agrees with the designed gear ratio of —22/3. Moreover, Figure 7.28 shows the steady-state torque
responses, which illustrate that the torque magnitude developed by the PM brushless DC motor can be
successfully amplified by about 7.3 times. Notice that these torque responses are in phase but in opposite
directions.
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()

Figure 7.24 Electromagnetic field distributions of MG PM brushless DC in-wheel motor: (a) no load and
(b) full load

7.7.2 MG PM Brushless AC In-Wheel Motor Drive

In order to further improve the performance of MG PM brushless in-wheel motor drives, the Halbach-array
PMs can be employed to constitute the magnetic poles on both the inner and outer rotors (Jian and Chau,
2009b; Jian, 2010). The key is to utilize the unique merits of Halbach-PMs, namely the sinusoidal field
distribution, strong magnetic field intensity, and self-shielding effect of magnetization. Because of the
strong magnetic field intensity with sinusoidal field distribution, the use of Halbach-PMs for the MG
motor can improve the torque density and reduce the cogging torque. Also, because of the self-shielding
effect of magnetization, the use of Halbach-PMs can help decouple the electromagnetic fields between
the inner motor field and the outer gear field. Moreover, since the magnetic field distribution in the inner
air-gap is inherently sinusoidal, the motor operates well in the PM brushless AC mode than in the PM
brushless DC mode.

Figure 7.29 shows the MG PM brushless AC motor for in-wheel application. It has a similar configu-
ration as the aforementioned MG PM brushless DC motor. The key difference is that the Halbach-PMs
are adopted on both the inner and outer rotors to constitute the desired numbers of magnetic poles. There
are three PM pole-pairs in the motor outer rotor and three PM pole-pairs in the gear inner rotor, which
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Figure 7.25 Radial flux densities of MG PM brushless DC in-wheel motor at no load: (a) inner air-gap,
(b) middle air-gap, and (c) outer air-gap

are physically mounted back-to-back together. Meanwhile, there are 16 PM pole-pairs mounted on the
inner surface of the gear outer rotor. According to Eq. (7.25), there are 19 ferromagnetic segments in the
modulation ring. For the Halbach-PMs, the more the number of PM pieces to constitute a magnetic pole,
the more the sinusoidal field distribution is resulted, but suffering from higher manufacturing difficulty.
Particularly, since the PM pole arc in the gear outer rotor is generally shorter than that in the gear inner
rotor or motor outer rotor, the number of PM pieces per magnetic pole in the gear outer rotor is usually
smaller than that in the gear inner rotor or motor outer rotor. So, in this MG motor, there are two PM
pieces per magnetic pole in the gear outer rotor, four PM pieces per magnetic pole in the gear inner rotor
and also four PM pieces per magnetic pole in the motor outer rotor. Consequently, there are totally 24 PM
pieces in the motor outer rotor, also 24 PM pieces in the gear inner rotor and 64 PM pieces in the gear
outer rotor, which definitely causes complication in manufacture.

Besides using the Halbach-PMs with different numbers of pole-pairs in the PM rotors, the design param-
eters of this MG PM brushless AC in-wheel motor are similar with the previous MG PM brushless DC
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Figure 7.29 MG PM brushless AC in-wheel motor configuration with Halbach-PMs

one, which are summarized in Table 7.5. By using finite element analysis, the magnetic field distribu-
tion of this MG motor is depicted in Figure 7.30. Thanks to the self-shielding of magnetization of the
Halbach-PMs, it can be observed that the magnetic field of the motor outer rotor and the magnetic field of
the gear inner rotor are effectively decoupled. As there is no need to use a thick yoke between the motor
outer rotor and gear inner rotor to facilitate such magnetic decoupling, the overall size, and weight of this
MG motor can be further reduced.

Figure 7.31 shows the radial flux density waveform in the inner air-gap of the MG motor. It can be
observed that it exhibits a near-sinusoidal waveform, which is actually due to the feature of sinusoidal
field distribution of the Halbach-PMs. The corresponding harmonic spectrum is also plotted in Figure 7.32.
It can be found that the effective harmonic component of three pole-pairs is highly dominant while the
other ineffective harmonic components of various pole-pairs are dramatically suppressed due to the merit
of sinusoidal field distribution. This can significantly reduce the cogging torque caused by the stator slots.
Also, because of the sinusoidal field distribution, the back EMF waveforms are sinusoidal as depicted in
Figure 7.33, which actually confirms that this MG motor operates well in the brushless AC mode than in
the brushless DC mode.



222 Electric Vehicle Machines and Drives

Table 7.5 Design parameters of MG PM brushless AC
in-wheel motor

Rated power SkW
Rated frequency 220Hz
Rated gear inner-rotor speed 4400 rpm
Rated gear outer-rotor speed 825 rpm
Number of phases 3
Number of stator slots 27
Number of inner-rotor pole-pairs 3
Number of PM pieces per inner-rotor pole 4
Number of outer-rotor pole-pairs 16
Number of PM pieces per outer-rotor pole 2
Number of ferromagnetic segments 19
Outside diameter of stator 120 mm
Inside diameter of inner rotor 121.2 mm
Outside diameter of inner rotor 142.8 mm
Inside diameter of modulation ring 144 mm
Outside diameter of modulation ring 170 mm
Inside diameter of outer rotor 172 mm
Outside diameter of outer rotor 184 mm
Axial length 100 mm
PM material Nd-Fe-B

Figure 7.30 Magnetic field distribution of MG PM brushless AC in-wheel motor with Halbach-PMs

By calculating Maxwell’s stress tensors in the inner and outer air-gaps, the torque—angle relationships
on both the inner and outer rotors can be obtained as depicted in Figure 7.34. As expected, with the use
of Halbach-PMs, the two torque—angle curves are very sinusoidal with insignificant torque ripples. It can
be observed that the torque magnitude of the outer rotor is amplified by about 5.3 times as compared with
that of the inner rotor, which well agrees with the designed gear ratio of —16/3.

Because of the self-shielding magnetization of the Halbach-PMs, the outer rotor can adopt the yokeless
design. That is, the outer-rotor iron core can be replaced by nonmagnetic material such as aluminum,
thereby eliminating the corresponding iron loss and further reducing the overall size and weight.
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7.8 Potential Applications of MG Motor Drives in EVs

Conventional electric motors can only offer direct drive with a relatively low torque density. For compact
design, mechanical gearing is often required to match the high-speed motor to the low-speed motion,
which causes the need for regular lubrication, gearing noise, and the potential for catastrophic failure on
overload. The MG PM brushless motor drive can fundamentally solve this mismatch problem. It pos-
sesses the definite merits of excellent torque density, pseudo-direct drive, and no need for lubrication or
maintenance. Thus, the MG PM brushless in-wheel motor drive is very promising for EV propulsion.
Very recently, Magnomatics, established in 2006, has started to commercialize research on MG in-wheel
motor drive for EVs. Its pseudo-direct drive model PDD4k is a high-torque motor drive rated at 65 kW,
which is capable of fitting within a standard 22-in. wheel rim for a city bus (Magnomatics, 2014). The
corresponding rated torque and speed are 2000 N m and 350 rpm, respectively. It can produce a peak power
of 120 kW up to 4000 N m of torque continuously. The cogging torque is less than 0.5% of the rated value.
While the rare-earth PM material is almost exclusively used for MG motor drives, there is a pos-
sibility to make use of those nonrare-earth PM material. Of course, it is anticipated that there will be
a trade-off between performance and cost. Particularly, the use of nonrare-earth PM material such as
the aluminum-nickel-cobalt (Al-Ni-Co) for the magnetic gear takes the definite advantages of high
cost-effectiveness and high tolerance for high-temperature operation (Chen et al., 2014).



Magnetic-Geared Motor Drives 225

References

Atallah, K., Calverley, S.D. and Howe, D. (2004) Design, analysis and realization of a high-performance magnetic gear. /[EE
Proceedings — Electric Power Applications, 151, 135-143.

Atallah, K. and Howe, D. (2001) A novel high-performance magnetic gear. IEEE Transactions on Magnetics, 37, 2844-2846.

Atallah, K., Wang, J. and Howe, D. (2005) A high-performance linear magnetic gear. Journal of Applied Physics, 97,
10N516-1-10N516-3.

Cavallaro, C., Tommaso, A.O.D., Miceli, R. et al. (2005) Efficiency enhancement of permanent-magnet synchronous motor
drives by online loss minimization approaches. IEEE Transactions on Industrial Electronics, 52, 1153-1160.

Chau, K.T., Chan, C.C. and Liu, C. (2008) Overview of permanent-magnet brushless drives for electric and hybrid electric
vehicles. IEEE Transactions on Industrial Electronics, 55, 2246-2257.

Chen, M., Chau, K.T., Li, W. and Liu, C. (2014) Cost-effectiveness comparison of coaxial magnetic gears with different
magnet materials. IEEE Transactions on Magnetics, 50, 7020304-1-7020304-4.

Cheng, M., Sun, Q. and Zhou, E. (2006) New self-tuning fuzzy PI control of a novel doubly salient permanent-magnet motor
drive. IEEE Transactions on Industrial Electronics, 53, 814-821.

Faus, H.T. (1941) Magnet gearing. US Patent 2 243 555.

Halbach, K. (1980) Design of permanent multipole magnets with oriented rare earth cobalt material. Nuclear Instruments
and Methods, 169, 1-10.

Hesmondhalgh, D.E. and Tipping, D. (1980) A multielement magnetic gear. IEE Proceedings, 127, 129-138.

Huang, C.C., Tsai, M.C., Dorrell, D.G. and Lin, B.J. (2008) Development of a magnetic planetary gearbox. IEEE Transactions
on Magnetics, 44, 403-412.

Jian, L. (2010) Design, analysis and application of coaxial magnetic gears. PhD. thesis. The University of Hong Kong, Hong
Kong.

Jian, L. and Chau, K.T. (2009a) Analytical calculation of magnetic field distribution in coaxial magnetic gears. Progress in
Electromagnetics Research, 92, 1-16.

Jian, L. and Chau, K.T. (2009b) Design and analysis of an integrated Halbach-magnetic-geared permanent-magnet motor for
electric vehicles. Journal of Asian Electric Vehicles,7, 1213-1219.

Jian, L. and Chau, K.T. (2010) A coaxial magnetic gear with Halbach permanent-magnet arrays. I[EEE Transactions on Energy
Conversion, 25, 319-328.

Jian, L., Chau, K.T., Gong, Y. et al. (2009) Comparison of coaxial magnetic gears with different topologies. IEEE Transactions
on Magnetics, 45, 4526-4529.

Jorgensen, F.T., Andersen, T.O., and Rasmussen, P.O. (2005) Two dimensional model of a permanent magnet spur gear.
Proceedings of IEEE Industry Applications Conference, pp. 261-265.

Kikuchi, S. and Tsurumoto, K. (1993) Design and characteristics of a new magnetic worm gear using permanent magnet.
IEEE Transactions on Magnetics, 29, 2923-2925.

Li, W. and Chau, K.T. (2012) Analytical field calculation for linear tubular magnetic gears using equivalent anisotropic
magnetic permeability. Progress in Electromagnetics Research, 127, 155-171.

Li, X., Chau, K.T., Cheng, M. and Hua, W. (2013) Comparison of magnetic-geared permanent-magnet machines. Progress
in Electromagnetics Research, 133, 177-198.

Li, W.,, Chau, K.T. and Jiang, J.Z. (2011) Application of linear magnetic gears for pseudo-direct-drive oceanic wave energy
harvesting. IEEE Transactions on Magnetics, 47, 2624-2627.

Li, X., Chau, K.T., Cheng, M. et al. (2011) An improved coaxial magnetic gear using flux focusing. Proceedings of Interna-
tional Conference on Electrical Machines and Systems, pp. 1-4.

Liu, X., Chau, K.T., Jiang, J.Z. and Yu, C. (2009) Design and analysis of interior-magnet outer-rotor concentric magnetic
gears. Journal of Applied Physics, 105, 07F101-1-07F101-3.

Magnomatics (2014) PDD High Torque Traction Motor, Magnomatics, http://www.magnomatics.com/images/pdfs/PDD_
Traction_motor_brochure.pdf (accessed September 2014).

Mezani, S., Atallah, K. and Howe, D. (2006) A high-performance axial-field magnetic gear. Journal of Applied Physics, 99,
08R303-1-08R303-3.

Neuland, A.H. (1916) Apparatus for transmitting power. US Patent 1 171 351.

Pascas, M. and Weber, J. (2005) Predictive direct torque control for the PM synchronous machine. /IEEE Transactions on
Industrial Electronics, 52, 1350-1356.

Rasmussen, P.O., Andersen, T.O., Jorgensen, E.T. and Nielsen, O. (2005) Development of a high-performance magnetic gear.
IEEE Transactions on Industry Applications, 41, 764-770.

Rasmussen, P.O., Mortensen, H.H., Matzen, T.N., and Jahns, T.M. (2009) Motor integrated permanent magnet gear with a
wide torque-speed range. Proceedings of IEEE Energy Conversion Congress and Exposition, pp. 1510-1518.

Silva, C., Asher, G.M. and Sumner, M. (2006) Hybrid rotor position observer for wide speed-range sensorless PM motor
drives including zero speed. IEEE Transactions on Industrial Electronics, 53, 373-378.


http://www.magnomatics.com/images/pdfs/PDD_

226 Electric Vehicle Machines and Drives

Tsurumoto, K. and Kikuchi, S. (1987) A new magnetic gear using permanent magnet. [EEE Transactions on Magnetics, 23,
3622-3624.

Wang, X., Li, Q., Wang, S. and Li, Q. (2003) Analytical calculation of air-gap magnetic field distribution and instantaneous
characteristics of brushless DC motors. IEEE Transactions on Energy Conversion, 18, 424-432.

Xia, Z.P., Zhu, Z.Q. and Howe, D. (2004) Analytical magnetic field analysis of Halbach magnetized permanent-magnet
machines. IEEE Transactions on Magnetics, 40, 1864—1872.

Yao, Y.D., Huang, D.R., Hsieh, C.C. et al. (1996) The radial magnetic coupling studies of perpendicular magnetic gears.
IEEE Transactions on Magnetics, 32, 5061-5063.

Zarko, D., Ban, D. and Lipo, T.A. (2006) Analytical calculation of magnetic field distribution in the slotted air gap of a surface
permanent-magnet motor using complex relative air-gap permeance. I[EEE Transactions on Magnetics, 42, 1828—1837.



3

Vernier Permanent Magnet
Motor Drives

Direct drive is becoming more and more attractive for various applications, especially electric vehicle
(EV) propulsion. It takes the definite advantages of high torque, fast response, gearless operation, and zero
transmission loss. Adopting direct drive for in-wheel propulsion not only offers the well-known electronic
differential action, but also facilitates many advanced vehicular functions such as the antilock braking
system, antislip regulation, and electronic stability program. Among the available direct-drive machines,
the vernier permanent magnet (PM) machine inherently offers high torque at low speeds, thus eliminating
the use of mechanical gear or even magnetic gear to amplify the torque for low-speed operation.

In this chapter, various vernier permanent magnet (VPM) motor drives, including their system configu-
rations, machine topologies, power inverters, and control strategies, are discussed for EV propulsion. The
corresponding design criteria, design examples, and potential applications are also given.

8.1 System Configurations

Essentially, the VPM machine is a kind of synchronous machine so that the configuration of the VPM
motor drive is similar to that of the PM brushless motor drive, which consists of an electric motor, an elec-
tronic controller, a power inverter, and an optional transmission gear. Because of the inherent low-speed
high-torque operation of the VPM machine, the VPM motor drive is preferred to serve as a direct drive
for in-wheel propulsion, thus eliminating the use of transmission gear. Additionally, the use of in-wheel
propulsion can eliminate the bulky, heavy, and costly mechanical differential. It should be noted that the
driveline transmission losses of the transmission gear and mechanical differential can be up to 20% of the
total power generated by the motor (Jones, 2007).

Figure 8.1 depicts the system configuration of the in-wheel direct drive using the VPM motor drive for
EV propulsion. The VPM motor drive consists of an electronic controller that functions to command the
system operation, two low-speed high-torque VPM machines, which can be directly mounted inside the
wheels and hence called the in-wheel motors or hub motors, and two inverters, which can independently
control the two machines to perform the desired traction control such as the electronic differential.
Because of the absence of transmission gear and mechanical differential, the transmission losses are
almost eliminated and the operating efficiency is significantly improved. Since regenerative braking can
take place in each driving wheel, the corresponding energy recovery becomes more effective, which
can extend the EV driving range. Moreover, because of the elimination of bulky and heavy mechanical
differential, additional batteries can be installed which helps further improve the driving range per charge
(Jain and Williamson, 2009).

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.



228 Electric Vehicle Machines and Drives

=
Inverter . -- .
Battery | Electronic controller
Inverter tor
ﬁ .“i
o

Figure 8.1 Vernier PM in-wheel motor drive using dual inverters

Battery  |-i=

(S

Figure 8.2 Vernier PM in-wheel motor drive using single inverter

In general, a two-wheel drive EV needs two machines and two inverters, whereas a four-wheel drive
EV requires four machines and four inverters. The corresponding electronic controller is a single control
unit to command the switching operation of all inverters. In order to reduce the inverter cost, a single
inverter, such as the five-leg inverter or nine-switch inverter, can be employed to supersede two stan-
dard three-phase three-leg inverters, hence independently controlling the two VPM machines. Figure 8.2
depicts the system configuration of a VPM in-wheel motor drive using a single inverter, which can offer
the merits of lower cost and space saving. Nevertheless, the use of this single inverter to independently
control two machines suffers from the drawbacks that the pulse-width modulation (PWM) scheme needs
to be modified and the cooling arrangement is more demanding.

8.2 Vernier PM Machines

It is well known that the vernier reluctance machine can inherently offer low-speed high-torque operation,
while avoiding the increase of the number of armature winding pole-pairs. In order to improve the power
density, the vernier reluctance machine usually incorporates PMs to provide the field excitation, thus
becoming the VPM machine.

8.2.1 Vernier PM versus Magnetic-Geared PM

As discussed in Chapter 7, the magnetic-geared (MG) machine is an artful integration of the magnetic
coaxial gear and PM brushless machine, which can simultaneously achieve the low-speed requirement
for direct drive and high-speed requirement for machine design. Naturally, an outer-rotor PM brushless
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machine can be combined with the magnetic coaxial gear to share a common rotor —namely the inner rotor
of the gear and the outer rotor of the machine — to form the MG machine. Since this topology involves three
air-gaps and two rotors as shown in Figure 8.3, the corresponding alignment and precision requirements
are so complicated and very demanding.

Rather than using the outer rotor of the PM brushless machine to serve as the physical input of the
magnetic coaxial gear, the high-speed rotating field created by the armature winding in the stator can
directly serve this purpose. The resulting MG machine involves only two air-gaps as shown in Figure 8.4
in which a stationary armature is employed to replace the high-speed inner rotor of the magnetic coaxial
gear, hence reducing the overall size and weight (Wang et al., 2009). Since the stator is stationary, there is
no need to use an air-gap to separate the stationary armature and the stationary modulation ring. By further
removing this air-gap, the MG machine involving only one air-gap is resulted as shown in Figure 8.5.
When the number of ferromagnetic segments in the modulation ring is an integer multiple of the number
of stator teeth, the MG machine with one air-gap becomes the VPM machine with all PMs located in the
rotor (Li, Chau, and Li, 2011; Li et al., 2013).

8.2.2  Structure of Vernier PM Machines

The VPM machine possesses three types of structures: the rotor-PM type, where all PMs are mounted
on the rotor; the stator-PM type, where all PMs are mounted on the stator, and the all-PM type, where
PMs are mounted on both the rotor and stator. As the rotor-PM VPM machine is most mature, it is simply
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Inner rotor
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Mocl:.ﬂztlon Middle air-gap

Outer rotor Inner air-gap

Figure 8.3 MG machine with three air-gaps
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Figure 8.4 MG machine with two air-gaps
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called the VPM machine. Unless otherwise stated, all discussions on the VPM machine actually refer to
the rotor-PM VPM machine.

8.2.2.1 VPM Machine with PMs in Rotor

Figure 8.6 shows the configuration of the most common VPM machine, in which there are three-phase
armature winding in the stator and PM pieces mounted on the rotor. Although its structure is similar to
an ordinary PM brushless machine, this VPM machine has two special features: the stator has uniformly
pitched teeth on its surface toward the air-gap and the number of the rotor poles is large (Toba and Lipo,
1999). These features are governed by

N.=N;+p (8.1)

where p, N, and N, are the number of armature winding pole-pairs, number of stator teeth, and number
of rotor PM pole-pairs, respectively. For instance, when N, = 18 and p=1, it yields N, = 17, which is a
three-phase rotor-PM VPM machine with two poles of the armature winding, 18 teeth in the stator, and
34 PM poles in the rotor as depicted in Figure 8.6.

Stator

Armature

winding Rotor

Figure 8.6 Rotor-PM VPM machine configuration
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In essence, the PMs create a multipole magnetomotive force (MMF) field, which is modulated by the
permeance variation of teeth. The number of PM pole-pairs and the number of iron teeth are similar but
not equal so that the armature flux has a relatively low pole number. The behavior of this magnetic circuit
resembles the action of the vernier gauge, where there are patterns of alignment and misalignment. When
the rotor rotates one PM pole pitch, the flux linkage reverses the polarity. The speed of rotation of the
alignment pattern is thus much higher than that of the rotor itself. Hence, the electromotive force (EMF)
induced in the armature winding, which is proportional to the rate of change of flux linkage, is of high
frequency and high magnitude. This speed reduction from the armature field speed to the rotor speed is
called the magnetic gearing effect, which works as a mechanical gear to reduce the speed or amplify the
torque. Therefore, the VPM machine has the inherent feature of low-speed high-torque operation.

For the stator, there are two kinds of slot-and-tooth arrangements: split-pole and open-slot (Toba and
Lipo, 1999). As shown in Figure 8.7, the split-pole arrangement takes the advantage of offering a large
number of teeth, but suffers from the problem of dead spaces between the teeth. On the other hand, the
open-slot arrangement fully utilizes its slots to accommodate the coils, but lacks the flexibility to change
the number of teeth.

For the rotor, there are two main types of PM arrangements: surface-magnet and inset-magnet (Toba and
Lipo, 1999). As shown in Figure 8.8, the surface-magnet arrangement has PM pole pieces with alternating
N and S polarities mounted on the rotor surface, which possesses the merit of simple mounting, whereas
the inset-magnet arrangement has PM pole pieces with the same N or S polarity inset onto the rotor
surface, which takes the advantage of physical robustness. The most critical issue between them is the
effect of the location of PMs on the phase inductance. With the surface-magnet rotor, the thickness of
PMs virtually enlarges the air-gap so that the machine exhibits a relatively low phase inductance. On the
contrary, when adopting the inset-magnet rotor, the salient iron core of the rotor directly faces the air-gap
so that the phase inductance becomes relatively high. Such high inductance will degrade the power factor
and cause difficulty in current control.

8.2.2.2 VPM Machine with PMs in Stator

The VPM machine with PMs located in the stator is commonly termed the vernier hybrid machine
(Spooner and Haydock, 2003). This stator-PM VPM machine operates in a similar manner to the rotor-PM
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—_— winding
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Figure 8.7 Stator arrangements of rotor-PM VPM machine: (a) split-pole and (b) open-slot
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Armature
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Figure 8.9 VPM machine configuration with PMs in stator

VPM machine (Li and Chau, 2012) —namely, both of them employ the magnetic gearing effect to achieve
low-speed high-torque operation. However, as reflected by the name, this machine installs its PM poles in
the stator, rather than in the rotor. In fact, as shown in Figure 8.9, the configuration of this VPM machine is
very similar to that of the flux-reversal PM machine in which the armature winding is wound on the stator
iron protrusions facing the slotted rotor, and all PMs are mounted on the faces of those iron protrusions.
Borrowing from the design equations of the flux-reversal PM machine, the arrangement of teeth and PMs
of this stator-PM VPM machine can be related by

Nr = Ns(NPM + 1/3) (82)

where N, N,, and Np); are the number of stator teeth, number of rotor teeth, and number of PM pole-pairs
per stator tooth, respectively. For instance, when N, = 6 and Npy = 4, it yields N, = 26, which is a
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three-phase stator-PM VPM machine having 6 stator teeth with 8 PM poles per stator tooth and 26 rotor
teeth, as depicted in Figure 8.9.

This stator-PM VPM machine preferably adopts the three-phase armature winding to alleviate the unde-
sirable cogging torque. The phase coils can be arranged with alternating polarity around the machine so
that the armature flux of that phase passes only through those coils. Alternatively, the phase coils can be
arranged with the same polarity so that their armature flux passes from the stator to the rotor and returns
via the other phases (Spooner and Haydock, 2003).

Because of the magnetic gearing effect, the operating frequency of this machine is inherently high
even for a modest rotor speed. Thus, this machine is generally dictated by the corresponding iron and
eddy-current losses rather than the mechanical stress to limit its practical maximum speed.

8.2.2.3 VPM Machine with PMs in Both Rotor and Stator

Figure 8.10 shows a VPM machine with PMs located in both the rotor and stator, the so-called all-PM
VPM machine. The three-phase armature winding is wound in the stator. There are small slots chipped
on both the rotor and stator at regular intervals in which the PMs located in these slots are magnetized
in the same direction, namely the PMs in the stator facing the air-gap are N poles while the PMs in the
rotor facing the air-gap are S poles. The number of winding pole-pairs and the number of PM pieces are
governed by (Hosoya and Shimomura, 2011)

Ny = 6agp 8.3)
N.=N,+p '

where a is a positive integer, ¢ is the number of slots per pole per phase of the armature winding, p is the
number of pole-pairs of the armature winding, N, is the number of PM pieces in the stator, and N, is the
number of PM pieces in the rotor. For instance, when N, = 18, ityieldsa=1,g=1,p=3,and N, = 15,
which is a three-phase all-PM VPM machine with six poles of the armature winding, 18 PM pieces in the
stator, and 15 PM pieces in the rotor as depicted in Figure 8.10.

This all-PM VPM machine employs the magnetic gearing effect to achieve low-speed high-torque oper-
ation, which is similar to the rotor-PM or stator-PM VPM machine. However, the design of this VPM
machine is relatively complex because it is susceptible to magnet saturation in the iron core. By carefully
tuning both the electric loading and stator inside diameter, the torque per current density can be optimized
while the magnetic saturation can also be alleviated (Tasaki et al., 2012).

Armature
Rotor winding

Figure 8.10 VPM machine configuration with PMs in both stator and rotor
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8.2.3  Principle of Vernier PM Machines

The principle of operation of the VPM machine, the rotor-PM one, is mainly based on the interaction of
the armature current field generated by the stator and the PM field generated by the rotor. This machine is
generally wound with the three-phase distributed winding and driven by a three-phase supply. Figure 8.11
illustrates the principle of operation of a VPM machine in which there are six stator teeth, five rotor PM
pole-pairs, and one armature winding pole-pair (Kataoka et al., 2013). It can be observed that the fifth
harmonic component of the rotating magnetic field is produced by the MMF of the three-phase armature
winding and the air-gap permeance variation. The rotor rotates synchronously with this fifth harmonic
rotating magnetic field. Thus, the rotor speed is stepped down to one-fifth of the speed of the rotating
magnetic field and the torque is stepped up accordingly, hence working as a motor with magnetic gearing.
Consequently, the VPM machine can offer very low-speed operation by properly increasing the number
of PM poles in the rotor as governed by

() (2)-4
P N, N,

where n, is the synchronous speed in rev/s and f'is the supply frequency in Hz.
The detailed torque analysis of the VPM machine can be found in Toba and Lipo (2000). In order to
illustrate how to produce the desired steady torque, the following assumptions are made:

e The relative permeability of iron core is infinite.

e The relative permeability of PM material is the same as the air-gap so that the PM can be considered
as a virtual air-gap.

e The air-gap MMF, permeance, and flux density vary only along the circumference direction, and are
uniform in the radial and axial directions.

’
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Figure 8.11 Principle of operation of VPM machines
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The armature winding of the stator is fed by three-phase balanced currents, which are expressed as:

I, = \/51 cos (ot — a)
I, = \/51 cos <a)t —a— %”) 8.5)

1, = ﬁlcos(mt—a—%)

where / is the phase current,  is the angular frequency, and « is an arbitrary phase angle. The correspond-
ing armature current MMF, F, established in the air-gap can be expressed as

3F kyk,,
F (0,0 = Tal [ Z L Gos (npb, — (wt — a))
n=1,7,13,--
ky,k
+ e cos (anx + (ot — a))] (8.6)
n=5,11,17,--

where n denotes the order of harmonics, 6, is the angle of the stator with respect to the current vector of
phase A, k,, and k,, are respectively the nth harmonic distribution factor and pitch factor, and F,; is the
fundamental component of the armature current MMF, which is given by

2V2N
=
where N, is the number of turns of the armature winding per phase. Meanwhile, the distribution factor,

k,, and pitch factor, k,,, are given by

> pn

8.7)

al

_ sin(nz/6)
kan = g sin(nx /6q) (8:8)
k,, = sin(nzf/2) (8.9)

where ¢ is the number of slots per pole per phase and f is the ratio of the coil span to the pole pitch.

The PM MMF generated by the PM rotor during standstill can be expressed as

o Feui o Fewi
Foy(0) = Y ™ML cos(nN,0,) = »° —2L cos(nN, (0, - 6,,)) (8.10)
oddn " oddn "

where 6, is the angle of the rotor with respect to the PM pole center, 6,, is the rotor position equal to
(6, — 0,), and Fp,, is the fundamental component of the PM MMF.

Because of the slotting effect, the permeance coefficient in the air-gap in the radial direction can be
expressed as (Rezzoug and Zaim, 2013)

P(8,) = Py + (=1)° ) P, cos(mN,0,) 8.11)

m=1

where P,, is the amplitude of the permeance coefficient of the mth harmonic and € is the number of slots
chorded for the short-pitch winding. Thus, the air-gap flux density Bp,, due to the PM rotor is the product
of Fpyp(6,) and P(6,). Neglecting the higher order components, By, can be written as (Toba and Lipo,
2000)

Bpy = [Fpyg cos(N,. (6, — 0,)] [Py + (—=1)°P; cos(N,0,)]
= (=1)*Bpy; cOS[(N, — N8, + N,0,,1 + Bpyy, cos(N,.(6, — 6,,)) (8.12)
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where By, and By, are defined as

Foy P
By = Pl\g : (8.13)
Bpmiy = Fpni Po (8.14)

From Eq. (8.12), it can be found that the first term has the same spatial period as the fundamental
component of the armature current MMF and the second term has the same spatial period as one of the
slot harmonics of the armature current MMF. It can also be deduced that the rotational directions of the
first and second terms will be the same if N, is chosen to be (N, + p), whereas they become opposite to
one another when N, is equal to (N, — p).

In general, the higher order components of the slot harmonics of the armature current MMF rotate
in the same directions with the fundamental component, and vice versa. Thus, when the fundamental
component of the armature current MMF is synchronous to the first-term component of air-gap flux den-
sity of PMs, which is usually the case, the second-term component of air-gap flux density of PMs also
becomes synchronous to its corresponding slot harmonic component of the armature current MMF so that
the interaction of these two harmonic components yields a steady torque. Consequently, considering only
the fundamental and slot harmonics, the armature current MMF given by Eq. (8.6) can be rewritten as

F = 3kd1kp1Fa1

a

[cos(pl, — (wt — @))

(=1
* N/p—1 cos((N, — p)b, + (wt — a))
+ ﬁ cos((N. + p)b. — (wt — a))] ©15)
Ny/p+1 s TP .

Assuming that all the field energy is stored in the air-gap and the PM (which can be considered as a
virtual air-gap), the developed torque 7 can be expressed as (Toba and Lipo, 2000)

1 [ oF
=2 P, + FPM)_@HPM do,
0

m

T (8.16)

where 7 is the pole pitch of the armature winding and / is the stack length of the iron core. Substituting
Egs. (8.10)—(8.15) into Eq. (8.16), the developed torque can be deduced as

T:éprlNk k, F <B $m>sin((a)t—a)$N9) (8.17)
2 rd1%pl1* al PM1 Nr/P r’m .

where the order of signs agrees with that in Eq. (8.1). It can be observed that the torque increases when

N, = (N, — p) and decreases when N, = (N, + p). From Eqs. (8.13) and (8.14), it is evident that the har-

monic torque component has a greater impact than the fundamental torque component (Ishizaki et al.,

1995; Llibre and Matt, 1998). It is obvious that a steady torque is resulted by setting the armature current
frequency as

w==*N.uw, (8.18)

where the order of the sign is the same as that in Eq. (8.1), and ®,, = (8,,/1) is the angular speed of the
rotor rotation. Substituting Egs. (8.7), (8.18), and @ = =z /2 into Eq. (8.17), the maximum steady torque
T,, is resulted as given by

T =

m

3\/E Bpyy,
INKk; k N, ,I(Bp F 8.19
pn T LINKg1Kp1 ph(PMl"‘Nr/p ( )
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8.2.4 Modeling of Vernier PM Machines

Essentially, the principle of operation of the VPM machine is similar to that of the PM synchronous
machine, whereas the torque production is based on the harmonic component rather than the fundamental
component of the rotating magnetic field. Thus, the equivalent circuit of the VPM machine is similar to
that of the PM synchronous machine as shown in Figure 8.12, where V is the supply voltage, E, is the
back EMF, I is the armature current, R, is the armature resistance, and X is the synchronous reactance.
The corresponding phasor diagram on the 6—y axes is depicted in Figure 8.13, where ¢ is the power factor
angle and N,6, is the load or power angle (Kakihata et al., 2012).

The voltage equation of the VPM machine in the steady state on the §- and y-axes can be expressed as

Vcos(N,6;) =E, + IX;sin(¢p — N,6;) + IR, cos(¢p — N,6;) (8.20)
Vsin(N,6,) = IX, cos(¢p — N,6,) — IR, sin(¢p — N, 5,) (8.21)
Transforming into the currents on the - and y-axes, Egs. (8.20) and (8.21) can be rewritten as (Kakihata

etal.,2012)

E
I;=1Icos(¢p—N,§;) = ZZ cos(9, — N,8;) — ?0 cos 0, (8.22)

s 5

E
I, =Isin(¢ - N,8;) = ZK sin(d, = N,6,) = —* sin6, (8.23)

s 5

where Z, = \/R% + X? is the synchronous impedance, 6, = tan~!(X,/R,) is the synchronous impedance
angle, /; is the armature current along the J-axis, and /, is the armature current along the y-axis.

Ra | JX

— AMN— Y

Figure 8.12 Equivalent circuit of VPM machine

y-axis

Figure 8.13 Phasor diagram of VPM machine
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By multiplying E, to Eq. (8.22), the output power P, can be obtained as

VE, E?
P, =3 |—=cos (6, - N,5,) — = cos (8.24)

On neglecting the armature resistance, it yields 8, = 90° so that the output power can be simplified as

VE, .
P,=3 [ - sin (N,&L)] (8.25)
which has the same form as that of a three-phase synchronous machine. Since the angular speed of the

rotor is equal to the angular supply frequency w divided by N, times, the output torque 7 can be easily
deduced from Eq. (8.24) as

P, N, [VE, E?
T= oIN, = 3; - cos (6,—N,5,) — - cos b, (8.26)

s s

8.3 Inverters for Vernier PM Motors

Since the VPM machine is a kind of synchronous machine, the PWM inverter that has been developed
for the PM synchronous motor drive can be utilized for the VPM motor drive. In general, the three-phase
three-leg inverter topology and the corresponding PWM switching scheme are adopted.

As mentioned earlier, the VPM motor drive is mainly applied to in-wheel direct drive for EV propulsion
because of its unique low-speed high-torque feature. For a two-wheel drive EV, the propulsion system
desires two VPM motors that are separately fed by two inverters, leading to increase the inverter cost
and overall size as compared to the conventional single-motor drive with single inverter. To overcome
this drawback, various single inverters are developed, which can independently control two motors while
requiring less power devices as compared with using two standard inverters.

Figure 8.14 shows the topology of the three-phase five-leg inverter in which there are two additional legs
as compared with a traditional three-phase three-leg inverter. This five-leg inverter can drive two motors
independently (Jain and Williamson, 2009). That is, the phases A and B of both motors are connected

e
' 1
| s1 sa: k. |l w3 sS4 I 5
i 1] 1 1 JK}iiJK
Al U -
e i Bl ii " B2 :—i C1
S6 S7 |1 S8 S9 S10
ORF ICHISE IS Ie
| 1 i
| 1l s
TS | T —— £ ——

Figure 8.14 Five-leg inverter for dual VPM machines
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Figure 8.15 Nine-switch inverter for dual VPM machines

to each leg separately, whereas the phase C of both machines is connected to a common leg. Since this
arrangement causes a difference in the switching pattern of phase C in both machines, the standard PWM
switching schemes for the three-leg inverter are no longer applicable. In order to perform independent
torque control of both motors, a specific PWM switching scheme known as the two-arm modulation is
developed (Enokijima, Oka, and Matsuse, 2011). However, the corresponding voltage utilization factor is
relatively low.

Meanwhile, the nine-switch inverter is also proposed to independently control two motors (Kominami
and Fujimoto, 2007). Figure 8.15 shows the structure of this nine-switch inverter. It can be considered as
an interleaved topology of an upper-deck inverter, which consists of six switches, S1-S6, and a lower-deck
inverter, which also consists of six switches, S4-S9, with three switches S4-S6 representing a common
branch. A specific PWM switching scheme is also developed, using both positive and negative carrier
signals, to perform independent control of two motors. Since the corresponding sum of modulation index
of two outputs should be less than or equal to one, the voltage amplitude of outputs is generally smaller
than that of using two separate inverters.

Although the above-mentioned inverter topologies provide the advantages of cost-effectiveness and
compact size, the main challenges are the control complexity and demanding cooling arrangement for
such inverters. As one of the main concerns for EV motor drives is the system reliability, the EV makers
currently prefer to use two traditional three-leg inverters, rather than the five-leg or nine-switch inverter,
for dual-motor propulsion.

8.4 Vernier PM Motor Control

Since the VPM machine is essentially a PM synchronous machine, the control strategy of the VPM
motor drive is virtually the same as that of the traditional PM synchronous motor drive. As depicted
in Figure 8.16, the system control consists of dual control loops, namely the inner current loop with a
hysteresis current regulator and the outer speed loop with a proportional-integral (PI) regulator.

There are many possible control varieties. The current controller can implement various control strate-
gies for both constant-torque and constant-power operations, including the field-oriented control, direct
torque control, and efficiency-optimizing control. Meanwhile, the PWM controller can implement var-
ious PWM switching schemes, including the hysteresis current control and space-vector PWM. The PI
controller can also incorporate various sophisticated algorithms such as the fuzzy logic control, neural
network control, adaptive control, and sliding-mode control. Of course, the Hall sensor can be eliminated
by adopting the position sensorless control technique.
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Figure 8.16 Speed control block diagram for VPM motor drive

8.5 Design Criteria of Vernier PM Motor Drives for EVs

As the VPM machine is a kind of PM brushless machine, the corresponding main dimensions can be
initialized or estimated by using the standard power equation of the PM brushless machine. On the basis
of these initial dimensions, finite element analysis of the machine will be conducted. Consequently, the
machine dimensions will be iteratively modified until the machine performance can satisfy the require-
ments and constraints.

The selection criteria for the number of stator teeth N, number of armature winding pole-pairs p, and
number of rotor pole-pairs N, of the VPM machine are governed by Eq. (8.1). In general, the number
of phases is selected as three so that the rotating field can readily be produced by using the standard
PWM inverter and standard winding connection. Moreover, the selection criteria for the stator tooth width,
stator slot height, stator yoke thickness, and rotor yoke thickness of the VPM machine are summarized as
follows:

e The armature winding current density at the rated load should not be higher than 6 A/mm?; otherwise,
a special cooling requirement is desired.

e The magnetic flux density of the stator teeth, stator yoke, and rotor yoke should not be larger than 1.7 T.

e The slot fill factor in the stator should be about 55% to facilitate the convenience of winding.

e Because of the magnetic gearing effect, the iron loss should be limited to a reasonable value, particularly
at high-speed operation.

e The mutual inductances among phase windings should be minimum.

e The cogging torque and torque ripple should be minimum.

In order to estimate the dimensions of PM pieces used for the VPM machine (Li, 2012), namely the PM
thickness hpy; and PM surface area Spy;, the magnetic circuit approach is generally adopted. Assuming
that the total magnetic potential drop of the external magnetic circuit is F and the magnetic potential drop
in the air-gap is F;, they are related by

F = kFy = kks6 H, (8.27)

where k, is the saturation coefficient, k; is the air-gap coefficient, ¢ is the air-gap length, and Hj is the
air-gap magnetic field intensity. When the PM operates at the magnetic flux density By, and magnetic

field intensity Hpy, it yields
{HPM hPM =F (8.28)

BpyiSem = Wpm = 0V
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where vy, is the PM flux, y; is the air-gap flux, and o is the magnetic leakage factor. Substituting Eq.
(8.27) into Eq. (8.28) yields
kiksd Hs = Hpyihpy

(8.29)
0B5S5 = op,H;S; = BpySem

where B; is the air-gap flux density and S; is the air-gap area. Multiplying the two equations in Eq. (8.29)
yields
o k56 SsHE = BoyHpnhpnSpar (8.30)

So, the PM volume can be obtained as

o HokoksS SsH
Vom = Spmlpy = ———— (8.31)
BpyiHpy
which is determined by the product of By, and Hyp,,. That is, when the operating point is designed to
achieve the maximum magnetic energy product, the required PM volume is minimum. Thus, By, = B, /2

and Hpy = —H,_ /2 are selected so that the PM volume can be minimized as given by
dopgk k6 SsHy*
= 8.32
™ BVH(,' ( )

where B, and H, are the PM remanence and coercive force, respectively. Dividing the two equations in
Eq. (8.29) yields
ksks 5 Hpy hoy

= (8.33)
oHy S5 Bpm Sem
At the maximum magnetic energy product, Eq. (8.33) can be rewritten as
hpy _ ksks Bpy & _ kiks B, & (8.34)
Spm OHo Hpy S5 oy H, Ss
Using Egs. (8.32) and (8.34), the PM thickness can be deduced as
2k ksBs6
oM = —— (8.35)
HoH.,
Hence, the PM area can also be deduced as
20S;5B;
Spy = z (8.36)

r

It should be noted that the PM sizing is so important that it directly affects the overall machine perfor-
mance and cost. Therefore, after the initialization PM dimensions by using the above-mentioned design
equations, it needs to iteratively fine-tune the dimensions to achieve the desired performance and cost by
using finite element analysis.

The VPM machine is a kind of PM brushless machine. Thus, similar to the PM synchronous machine,
the VPM machine generally adopts the distributed winding arrangement where the armature coil of one
phase is wound over several slots (Kakihata ef al., 2012). In terms of the magnetic field intensity and
utilization of magnetic flux, this winding arrangement is superior to the concentrated winding. How-
ever, the distributed winding requires longer end-windings, which results in more copper used and higher
copper loss.

On the other hand, similar to the PM brushless DC machine, the VPM machine can also adopt the
concentrated winding arrangement where the armature coil of one phase is wound around one slot (Yang
et al., 2013). Compared with the distributed winding, the concentrated winding takes the advantages
of requiring less copper and being easier for winding assembly, leading to a reduction in the overall
manufacturing cost. In addition, the phase resistance of the concentrated winding machine tends to be
lower than that of the distributed winding machine, thus improving the machine efficiency.
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8.6 Design Examples of Vernier PM Motor Drives for EVs

As the VPM machine possesses the unique advantage of low-speed high-torque operation, the VPM motor
drive is particularly beneficial for in-wheel EV direct drive, which generally prefers the outer-rotor topol-
ogy. So, two outer-rotor VPM motor drives, one with the basic rotor-PM VPM machine and another with
the flux-controllable rotor-PM VPM machine, are used for exemplification.

8.6.1 Outer-Rotor Vernier PM Motor Drive

Figure 8.17 shows the machine structure of the outer-rotor VPM motor drive for in-wheel EV propulsion
(Liet al., 2010b). The key is to adopt the split-pole arrangement, dubbed the flux-modulation pole (FMP),
in the outer part of the inner stator to modulate the high-speed rotating field of the armature winding and
the low-speed rotating field of the PM outer rotor (Li et al., 2010a; Li, 2012). The corresponding armature
winding is based on the three-phase concentrated winding connection in which the coil pitch is set equal
to the slot pitch.

Similar to other rotor-PM VPM machines, the stator and rotor designs are governed by Eq. (8.1), namely
N, = (N, = p), where N, is the number of FMPs in the stator, N, is the number of PM pole-pairs in the rotor,
and p is the number of armature winding pole-pairs. In general, N, = (N, — p) is adopted. Consequently,
the gear ratio G, is given by

ip + jN.
G, = b (8.37)
p
wherei=1, 3, ... andj =0, =1, +2, ... In this design, the combination of i = 1 and j = —1 is selected

because it can provide the highest asynchronous space harmonic. There are nine slots in the inner stator
to accommodate the three-phase armature winding having six poles (p = 3). Each stator tooth is split
into three FMPs, resulting in totally 27 FMPs (N, = 27). From Eq. (8.1), it can be deduced that there
are 24 PM pole-pairs (N, = 24)—that is, there are 48 PM poles mounting on the outer rotor. Meanwhile,
from Eq. (8.37), it yields G, = —8 : 1, which indicates that the rotor speed is only one-eighth of that in the
conventional machine with the same number of armature winding pole-pairs, but rotating in the opposite
direction. Therefore, when the supply frequency is 60 Hz and the corresponding rotating field speed in
the stator is 1200 rpm, the outer rotor speed is scaled down by a factor of 8 to become 150 rpm.

Outer _ PMs
rotor ; FMPs

Armature
winding
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stator

Figure 8.17 Structure of outer-rotor VPM machine
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Compared with the available VPM machine designs, this machine possesses the following merits:

e The outer-rotor arrangement inherently provides a large diameter to accommodate a large number of
PM poles, and enable full utilization of the inner space in the stator to accommodate the armature
winding.

e The outer rotor facilitates direct coupling with the rim of the tire, thus alleviating the bearing require-
ments and improving the mechanical integrity.

e The inner-stator arrangement with FMPs enables to adopt compact armature winding, thus avoiding
the problem of using the drum winding (Toba and Lipo, 1999).

e The armature winding adopts the concentrated winding arrangement with the coil pitch equal to the
slot pitch, which can reduce the end-windings; hence, saving the copper material thereby reducing the
copper loss.

Table 8.1 summarizes the key design data of this outer-rotor VPM machine. Consequently, the mag-
netic field distributions of this machine can be calculated by using finite element analysis. As shown in
Figure 8.18, it can be found that as the outer rotor rotates through mechanical 7.5° in the anticlockwise
direction, it corresponds to rotate through electrical 180°. It can also be observed that the flux lines per
stator tooth can pass through the FMPs separately, hence verifying the desired flux modulating func-
tion. Meanwhile, the flux lines migrate from one stator tooth to another in the clockwise direction, which
verifies that the direction of rotation of the rotor is opposite to that of the stator rotating field.

Moreover, the air-gap flux density of this machine is analyzed as depicted in Figure 8.19. It can be
seen that it exhibits 24 pole-pairs in the air-gap within 360°, which corresponds to three pole-pairs of the
stator rotating field, thus well agreeing with the principle of magnetic gearing. Then, the no-load EMF
waveform at the rated speed can be deduced as shown in Figure 8.20. It can be found that the no-load
EMEF waveform is symmetrical and sinusoidal.

Furthermore, the developed torque waveform of the motor drive at the rated condition is simulated as
depicted in Figure 8.21. It can be found that the average torque of this machine can achieve 113 N m,
which is sufficiently high for in-wheel EV direct drive. Meanwhile, the corresponding torque ripple is
about 11.8%, which is very acceptable for EV propulsion. Such torque ripple is mainly due to the cogging
torque of this machine.

Table 8.1 Key design data of outer-rotor VPM machine

Rated power 2.3kW
Rated torque 110Nm
Rated speed 200 rpm
Number of phases 3
Number of stator pole-pairs 3
Number of stator FMPs 27
Number of rotor PM pole-pairs 24
Rotor outside diameter 240 mm
Rotor inside diameter 203.2mm
Stator outside diameter 202 mm
Air-gap length 0.6 mm
Axial length 120 mm

PM material Nd-Fe-B
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Figure 8.18 Magnetic field distributions of outer-rotor VPM machine at different rotor positions: (a) 0°,
(b) 90°, and (c) 180°
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Figure 8.19 Air-gap flux density waveform of outer-rotor VPM machine
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Figure 8.20 No-load EMF waveform at rated speed of outer-rotor VPM machine
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Figure 8.21 Torque waveform of outer-rotor VPM machine

8.6.2 Outer-Rotor Flux-Controllable Vernier PM Motor Drive

While low-speed high-torque operation is important for in-wheel EV direct drive, high-speed
constant-power operation is equally important. Rather than relying on field-oriented control to tune the
d-axis armature current for flux weakening, the use of DC field winding to tune the air-gap flux is more
straightforward and effective.

Figure 8.22 shows the configuration of the outer-rotor flux-controllable VPM machine, which incorpo-
rates 22 pole-pair PMs mounted on the outer rotor, 24 FMPs located in the stator, and 6 embedded slots
accommodating both the armature winding and DC field winding in the stator (Liu, Zhong, and Chau,
2011). The unique features are summarized as follows:
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Figure 8.22 Structure of outer-rotor flux-controllable VPM machine

e The outer-rotor structure facilitates mounting with the rim of the tire for direct drive.

e The outer-rotor configuration inherently offers a large diameter to accommodate a large number of PM
poles, which is desirable for VPM machines.

e The outer-rotor topology enables full utilization of the inner space to accommodate the FMPs as well
as the three-phase armature winding and the DC field winding.

e The three-phase armature winding adopts the concentrated winding arrangement to produce the desired
high-speed rotating field; hence, saving the copper material, thereby reducing the copper loss.

e The use of embedded slots can reduce the number of slots of the armature winding, and hence enlarge
the slot area to accommodate more coils.

e The multipole fractional-slot structure can reduce the cogging torque, which usually occurs at conven-
tional PM machines.

e The FMPs perform the magnetic gearing effect to scale down the high-speed rotating field, resulting in
low-speed high-torque operation.

e The DC field winding enables flexible control of the air-gap flux density, which is highly desirable to
achieve flux-weakening control for high-speed constant-power operation during EV cruising.

Similar to the previous example, the tooth-pole arrangement of this machine is governed by Eq. (8.1),
and the corresponding high-to-low speed ratio G, is governed by Eq. (8.37). Furthermore, the relationship
between the number of FMPs N, and the number of armature winding pole pairs p is given by

N,=mpk (8.38)

where m is the number of winding phases and k = 2, 3, 4, ...

In this machine design, the parameters m =3, p=2, and k=4 are selected. According to Eq. (8.38),
it yields N, = 24. Based on Eq. (8.1), it yields N, = 22. Thus, it is so-called the three-phase four-pole
outer-rotor flux-controllable VPM machine having 24 FMPs in the stator and 22 PM pole-pairs in the
rotor. Substituting i=1 and j=—1 into Eq. (8.37) to obtain the largest space harmonic component, it
yields G, = —11 : 1, which indicates that the rotor speed is only one-eleventh of that in the conventional
machine with the same number of armature winding pole-pairs, but rotating in the opposite direction.
Namely, when the speed of rotating field in the stator is 2200 rpm, the outer rotor speed is scaled down
by a factor of 11 to become 200 rpm. The key design data are summarized in Table 8.2.

The operation principle and control strategy of this machine are essentially the same as the previous
VPM machine, except that the DC field winding is independently fed and controlled. The correspond-
ing power circuit for DC field current control is basically a standard H-bridge converter as shown in
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Table 8.2 Key design data of outer-rotor flux-controllable

VPM machine
Rated power 2kW
Rated torque 90N m
Rated speed 200 rpm
Speed range 0-1000 rpm
Number of phases 3
Number of stator pole-pairs 2
Number of stator FMPs 24
Number of rotor PM pole-pairs 22
Number of DC field winding poles 6
Rotor outside diameter 246 mm
Rotor inside diameter 211.2mm
Stator outside diameter 210 mm
Air-gap length 0.6 mm
Axial length 80 mm
PM material Nd-Fe-B
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Figure 8.23 DC field current control of outer-rotor flux-controllable VPM machine

Figure 8.23. Hence, both the magnitude and direction of the DC field current can be easily regulated by
adjusting the turn-on and turn-off times of the power switches.

Machine performances are analyzed by finite element analysis. First, the no-load magnetic field distri-
butions of the machine without and with DC field control are shown in Figure 8.24. It can be seen that
the flux lines are effectively modulated by the FMPs on the stator and go through the PM poles, hence
verifying the desired flux modulation effect. In addition, with the DC field control using 5 A/mm?, it can
be observed that although some parts of the flux density are somewhat strengthened by the DC field,
these parts are much less than that with flux weakening. Thus, the overall effect of the air-gap flux density
is weakened when applying the DC field. Consequently, the corresponding flux linkage waveforms are
plotted in Figure 8.25, which illustrates that the DC field control can effectively weaken the flux linkage.

In order to assess the constant-torque operation performance of this machine, the developed torque
waveform at the rated condition is simulated as shown in Figure 8.26. Meanwhile, the cogging torque
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Figure 8.24 No-load magnetic field distributions of outer-rotor flux-controllable VPM machine: (a) without
DC field control and (b) with DC field control

waveform is also plotted to illustrate its effect on the developed torque. It can be observed that the
steady-state torque can reach 90 N'm, which verifies the desired torque capability for constant-torque
operation. It can also be found that the corresponding torque ripple is about 12% of the average torque,
which is mainly caused by the cogging torque. Such torque ripple is very acceptable for EV propulsion.

In order to assess the constant-power operation performance of this machine, the back EMF wave-
forms at 200 and 1000 rpm under no flux-weakening control are simulated as shown in Figure 8.27.
As expected, the back EMF amplitude increases significantly with the speed, which deteriorates the
constant-power operation beyond the rated speed. Then, by applying the DC field control of 5 A/mm?
to realize flux-weakening control, the EMF amplitude at 1000 rpm as illustrated in Figure 8.28 can be
maintained at the same level as that at the rated speed. Hence, it confirms that this machine can offer the
desired wide speed range of constant-power operation.
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8.7 Potential Applications of Vernier PM Motor Drives in EVs

The application of VPM motor drives to EVs is rare. There was an example of using a VPM machine
developed by a French company ERNEO to drive a light EV. This VPM machine adopted the conventional
inner-rotor topology, and was designed to offer the steady torque of 33 N'm and peak torque of 125 N m
for over 1 minute (Rezzoug and Zaim, 2013).

Although the VPM machine possesses the definite merit of low-speed high-torque operation, the use of
conventional inner-rotor structure has limited its realistic application because it still needs a mechanism
to transmit the rotor torque to the wheel. If the outer-rotor structure is adopted, this mechanism will be
totally eliminated since the outer rotor can be directly coupled with the tire rim. Additionally, the inner
space of the outer-rotor structure can be fully utilized to accommodate the flux modulation poles, the
armature winding and the optional DC field winding.

Currently, the development of VPM machines for EV propulsion is much slower that they deserve. One
main reason is due to the fact that the giant EV makers do not prefer to use the in-wheel direct drive for EV
propulsion. When using the single-motor propulsion system, the use of PM synchronous machine with
fixed gearing is generally sufficient to provide the desired low-speed high-torque operation. Nevertheless,
with the ever-increasing demand on higher performance and better stability, the in-wheel direct drive will
be popular for EV propulsion. The VPM motor drive will play an essential role in future EVs.
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Advanced Magnetless Motor Drives

Starting from the past decade, the permanent-magnet (PM) brushless motor drives have been superseding
the induction motor drives for electric vehicle (EV) propulsion because of their outstanding torque den-
sity, power density, and operating efficiency. However, the supply of PM materials, especially rare-earth
elements, is very limited and fluctuating that the corresponding market prices are soaring and volatile.
Thus, in recent years, the development of advanced magnetless motor drives has become more and more
attractive. Although these magnetless machines generally suffer from lower torque density, they can offer
the definite merit of high cost-effectiveness. Meanwhile, various magnetless machine topologies have
been developed for EV application.

In this chapter, advanced magnetless motor drives, including the synchronous reluctance (SynR),
doubly-salient DC (DSDC), flux-switching DC (FSDC), vernier reluctance (VR), and doubly-fed vernier
reluctance (DFVR) magnetless topologies as well as the axial-flux morphology, are presented. The
corresponding design criteria, design examples, and potential applications for EV propulsion are also
given.

9.1 What Is Advanced Magnetless?

With ever-increasing popularity of PM machines for EVs, the demand of neodymium-iron-boron
(Nd-Fe-B) PM material is drastically soaring. The price of the raw material neodymium is the determin-
ing factor in pricing the Nd-Fe-B PM. As shown in Figure 9.1, it increased drastically between July 2009
and July 2011, and currently settles at several times of the initial price (Supermagnete, 2014). Both the
absolute value and volatility of the neodymium price severely add uncertainty to the development of PM
machines, and stimulate the research of advanced magnetless machines.

Initially, the family of magnetless machines is coined, aiming to distinguish it from the family of PM
machines. Conceptually, the induction machine and switched reluctance (SR) machine are a kind of mag-
netless machines because they do not equip with any PMs. Since these two kinds of machines have been
well developed and mature, they form their individual families. Therefore, the adjective “advanced” is
incorporated to exclude them from those magnetless machines that are recently developed or relatively
immature.

Focusing on those advanced magnetless machines that are viable for EV propulsion, five major types
are identified:

e SynR machine
e DSDC machine

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 9.1 Price of neodymium

e FSDC machine
e VR machine
e DFVR machine

Meanwhile, both the radial-flux (RF) and axial-flux machine morphologies of the aforementioned five
magnetless machine topologies are suitable for EV propulsion. Particularly, those axial-flux morphologies
are attractive for the in-wheel motor drive application.

9.2 System Configurations

Similar to other motor drives, the advanced magnetless motor drives consist of four main components:
magnetless machine, converter, sensor, and controller. There are different system configurations of the
advanced magnetless motor drives, depending on the type of magnetless machines and the associated
power converter.

Among them, the SynR machine and VR machine are singly fed from one power converter, whereas the
others are doubly fed from two power converters. The system configuration of those singly-fed advanced
magnetless motor drives is depicted in Figure 9.2 in which the armature winding in the stator is solely

Armature
current
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Command

§

Figure 9.2 Configuration of singly-fed advanced magnetless motor drive
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Figure 9.3 Configuration of doubly-fed advanced magnetless motor drive

fed by a power inverter. Meanwhile, the system configuration of those doubly-fed advanced magnetless
motor drives is depicted in Figure 9.3 in which the armature winding is fed by an inverter while the field
winding is fed by a converter. It should be noted that all windings of the advanced magnetless machines
are located in the stator, and their rotors are all free from PMs or copper windings.

Between the singly-fed and doubly-fed motor drives, the former has the definite merit of simplicity,
while the latter has additional controllability to improve the operating performances. Of course, both the
machine topology and converter circuitry of the doubly-fed advanced magnetless motor drive are more
complicated and costly.

9.3 Synchronous Reluctance Motor Drives

The PM synchronous machine has been accepted to provide outstanding power density and operating
efficiency. However, it suffers from the drawbacks of high PM material cost, accidental demagnetiza-
tion of PMs, and thermal instability of PMs. The SynR machine relies on reluctance torque, rather than
the reaction torque, which is dominant in the cylindrical wound-rotor synchronous machine and the
surface-mounted PM synchronous machine.

Compared with the SR machine, whose operation is also based on the principle of minimum reluctance,
the SynR machine operates with the rotating field. This rotating field enables the machine offering smooth
torque and stable operation down to low speeds, both of which are difficult to achieve in the SR machine.
In addition, unlike the SR machine, the SynR machine is completely compatible with the stators and
inverters of other AC motor drives.

The system configuration of SynR motor drive for EV propulsion is similar to that of the PM syn-
chronous motor drive. It consists of the SynR motor, PWM (pulse-width modulation) inverter, electronic
controller, sensor, and the optional mechanical transmission. There are a number of advantages associated
with this system:

e The SynR machine does not require field windings or PMs in the rotor, hence offering high mechanical
integrity to withstand high-speed operation.

e Since the SynR machine does not need expensive PM material, it is much less costly than the PM
synchronous machine.

e Asthe SynR machine eliminates the accidental demagnetization of PMs, the motor drive can offer very
high-current operation.

e As the SynR machine also eliminates the thermal instability of PMs, the motor drive can allow for
working in high-temperature environment.
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The SynR machine is actually one of the earliest types of electric machines. The first generation was
based on a cylindrical rotor with multiple slits along the lines of the direct-axis flux (Kostko, 1923).
This rotor structure could not offer a high saliency ratio, leading to create a relatively low reluctance
torque. The second generation was based on a segmental rotor (Lawrenson and Gupta, 1967). Its saliency
ratio could achieve five or even higher, thus creating a relatively higher reluctance torque. The latest
third generation is based on an axially laminated rotor, which utilizes iron sheets bent into a U-shape
and then stacked in the radial direction (Cruickshank, Anderson, and Menzies, 1971). Its saliency ratio
can achieve seven or higher, which enables the SynR machine to compete favorably with the induction
machine. Nevertheless, this axially laminated rotor desires more complicated manufacture and higher
manufacturing cost.

A modern axially laminated SynR machine is shown in Figure 9.4. Its rotor is constructed of thin lam-
inations that are bent into a semicircular shape. These iron segments are separated by insulation material,
such as air or plastic. By selecting the ratio between the width of each iron segment and the width of
each insulation material, the saliency ratio of this SynR machine can be optimized to achieve 10 or higher
(Matsuo and Lipo, 1994).

Since the armature winding of the stator in the SynR machine is sinusoidally distributed, the air-gap
flux harmonics are negligible. Hence, the equations that describe the behavior of the SynR machine can be
derived from the conventional equations describing the conventional wound-field synchronous machine.
Therefore, by eliminating the field excitation, the SynR machine can readily be modeled based on the d—¢q
axis transformation as given by

. dlds

Ve = Ryiy + 7 a),/lqs 9.1)
d/lqs

V=R, + + @, Ay 9.2)

qs stqs dr

where v, and v, are the d—¢ components of the stator voltage, i, and i, are the d—g components of the
stator current, A, and 4 gs AT€ the d—g components of stator flux, R, is the stator winding resistance, o, is
the rotor speed, and magnetic saturation or iron loss is neglected. The saliency ratio is defined as

L,
k=2 9.3)
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Axially Armature
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Figure 9.4 Synchronous reluctance machine topology
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The stator flux components can be expressed as
/lds = (Lmd + Ll:)ids = Ldsids (94)

iqs = (Lmq + le)iqx = quiqx (95)

where L,,, and L,,, are, respectively, the d-axis and g-axis magnetizing inductances, L, is the stator leak-
age inductance, and L, and L are, respectively, the d-axis and g-axis stator inductances. Substituting
Egs. (9.4) and (9.5) into Egs. (9.1) and (9.2), the equivalent circuit of the SynR machine can be deduced
as shown in Figure 9.5. Consequently, the developed torque can be expressed as

3 .
T= 3P (L = Lyy) 14414 (9.6)

where p is the number of pole-pairs. It is obvious that the larger the value of «, the higher the developed
torque is resulted. Moreover, the saliency ratio of seven can enable the SynR machine operating at the
power factor of about 0.8, which is comparable to the induction machine for EV propulsion.

Since the control of the SynR machine is similar to that of the PM synchronous machine, the con-
trol strategies that have been developed for the PM synchronous motor drive are applicable to the SynR
motor drive. Such strategies include the field-oriented control (Xu et al., 1991), direct torque control
(Morales-Caporal and Pacas, 2008), efficiency optimizing control (Lee, Kang, and Sul, 1999), and sen-
sorless control (Agarlita, Boldea, and Blaabjerg, 2012).

9.4 Doubly-Salient DC Motor Drives

The doubly-salient permanent-magnet (DSPM) machine is a kind of stator-PM brushless machines, which
combines the advantageous features of both the PM brushless machine and SR machine. However, similar
to the PM brushless machine, the DSPM machine suffers from uncontrollable PM flux for high-speed
operation and high PM material cost. By directly replacing the PM excitation with the DC field winding,
the DSDC machine is resulted, which consists of two types of stator windings: the polyphase armature
winding and the DC field winding (Fan and Chau, 2008). Since the stator is doubly fed, this DSDC
machine is also termed the stator-doubly-fed doubly-salient machine.
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Compared with the DSPM motor drive, the DSDC motor drive has the following advantages that are
viable for EV propulsion:

e Because of the absence of PM material, the machine cost and hence the system cost of the DSDC motor
drive can be significantly reduced.

e Since the DC field excitation is directly controllable, the air-gap flux can be temporarily strengthened
to boost up the motor torque for EV launching, or be purposely weakened to enable the motor offering
constant-power operation at high speeds for EV cruising.

e While the DC field excitation is online tunable, the motor drive can perform efficiency optimization
under various driving conditions, hence maximizing the EV driving range per charge.

Of course, there is no free lunch to have the above-mentioned advantages. The DSDC motor drive has the
following drawbacks:

e Because of the use of copper winding for field excitation, the DSDC machine suffers from larger size
and heavier weight.

e Because of the continual DC field excitation, the DSDC machine suffers from higher copper loss,
leading to degrade the system efficiency.

Figure 9.6 depicts a three-phase 12/8-pole DSDC machine, which consists of both the three-phase
concentrated armature winding and DC field winding in the stator, and simple iron core in the rotor. Both
the stator and rotor have salient poles, but with different numbers. For instance, there are 12 salient poles
in the stator and 8 salient poles in the rotor. Because there are no PMs, no brushes, and no windings in
the rotor, it offers a very robust structure and the capability to run at very high speeds.

The design of the pole-pair arrangement of the DSDC machine is the same as that of the DSPM machine,
which is governed by the following criteria:

N, =2mk
s = = ©9.7)
N, =N, +2k
60
= —f 9.8)
Nr
DC field Armature
winding winding

Shaft

Stator Rotor

Figure 9.6 Structure of doubly-salient DC machine
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where N, the number of stator poles, N, is the number of rotor poles, m is the number of phases, k is
any integer, w is the rotor speed, and fis the commutating frequency of any phase. In order to reduce the
commutating frequency and hence the switching loss of power switches as well as the iron losses in poles
and yokes, there should be as few rotor poles selected as possible. For the same rotor speed, the number
of rotor poles is usually less than that of stator poles. Meanwhile, the number of phase numbers should
be equal to or greater than three to enable the machine capable of starting itself in either the forward or
reverse direction. Consequently, N;/N, = 6/4,8/6, and 12/8 are the three most viable configurations of
the DSDC machine. Among them, the 6/4-pole and 12/8-pole are three-phase, whereas the 8/6-pole one is
a four-phase configuration that certainly needs more power devices. When compared with the three-phase
6/4-pole one, the three-phase 12/8-pole machine possesses shorter flux paths in the yoke, resulting in lower
iron losses. Also, because the flux per pole in the 12/8-pole machine is half of that in the 6/4-pole machine,
the width of both the stator yoke and teeth is almost one-half of that of the 6/4-pole one. This enables a
larger inner stator diameter and hence a larger rotor diameter, leading to achieve higher torque density.
Moreover, a shorter width of stator teeth results in shorter end-windings, leading to reduce the winding
resistance and save copper material used. Hence, the 12/8-pole DSDC machine can offer higher efficiency
than the 6/4-pole one.

The operating waveforms of the DSDC machine are shown in Figure 9.7, which are similar to that of
the DSPM machine. Since the flux linkage waveform is essentially trapezoidal, the brushless DC (BLDC)
operation mode is generally adopted. When the flux linkage, ypgpc is increasing and the no-load electro-
motive force (EMF) becomes positive, a positive armature current ipgp e i8S applied to produce a positive
torque Tpgpc. Similarly, a negative armature current is applied when the flux linkage is decreasing and the
no-load EMF is negative, hence also producing a positive torque. Each phase performs 120° conduction.
The resulting electromagnetic torque Thgp can be expressed as

2z
1 . dwpspe | 1. dLpspc
Thspe = oy /0 (lDSDCT + EIZDSDCT do
=Tpe + Ty 9.9)

where Ljgp is the self-inductance, T is the DC field torque component, and T}, is the reluctance torque
component. In essence, the developed torque is mainly contributed by the DC field torque component,
whereas the reluctance torque component is small and pulsates with a zero average value.

It should be noted that during high-speed operation, the positive current may not be able to reach its
steady-state value before the armature winding is switched off at the proper rotor position angle, whereas

A d‘;l'fh.\'m' >0 ﬂ’l,l’fn.s'f:e' <0

I DSI TH
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Figure 9.7 Operating waveforms of doubly-salient DC machine
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Figure 9.8 Half-bridge bipolar converter for DSDC machine

the negative current may quickly reach its steady-state value. Thus, the positive and negative currents need
to be limited by using angle position control and current chopping control, respectively.

To feed the DSDC machine, a bipolar converter topology is required to offer bidirectional current
operation. There are two possible converter topologies in which the phase current can be controlled inde-
pendently for bidirectional operation: full-bridge converter and half-bridge converter with split capacitors.
The half-bridge converter is usually adopted as shown in Figure 9.8 because it can minimize the number
of power devices. A connection between the midpoint of the split capacitors and the neutral of machine
windings is optionally required to accommodate the transient current during the commutation period.

9.5 Flux-Switching DC Motor Drives

Similar to the DSDC machine, the FSDC machine is a kind of doubly-salient brushless machines with
both the armature winding and DC field winding in the stator. Differing from the DSDC machine, the
FSDC machine allows for bipolar flux linkage and flux-focusing arrangement, leading to offer higher
torque density.

With the flux-focusing arrangement in the stator, the flux-switching permanent magnet (FSPM) machine
can offer high air-gap flux density and hence high torque density. However, the PM material cost and ther-
mal instability of the FSPM machine are of concern. In addition, because of its severe magnetic saturation
in the stator, the FSPM motor drive has a difficulty in flux weakening, which limits the corresponding
constant-power operation range. In addition to high torque density, a wide constant-power operation range
is highly desirable for EV propulsion.

By using the DC field winding to replace the PM excitation of the FSPM machine, the FSDC machine
can offer excellent flux-weakening capability for high-speed constant-power operation because the air-gap
flux density can be effectively weakened by reducing the DC field current. This flux-weakening capability
is desirable for EV cruising. Moreover, similar to the DSDC machine, the FSDC machine possesses the
temporary flux-strengthening capability for EV launch and the online flux-tuning capability for improving
the EV driving range. Of course, the FSDC motor drive has the drawbacks of lower torque density and
lower efficiency than the FSPM counterpart.

Figure 9.9 shows the structure of wound-field FSDC machine in which the DC field winding is wound
in every other stator slot so that the magnetic field is radially excited but cannot offer flux focusing, leading
to a relatively low torque density (Tang et al., 2013). In order to provide the flux-focusing arrangement
(Tang et al., 2012), a toroidal-field excitation can be adopted as shown in Figure 9.10. It is inevitable that
the toroidal-field structure is relatively more complicated.
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Figure 9.10 Structure of toroidal-field flux-switching DC machine

Differing from the DSDC machine, the FSDC machine exhibits bipolar flux linkage. That is, the cor-
responding polarity of the flux linked by the armature winding switches as the rotor rotates from one
alignment to another alignment of stator and rotor poles. This flux-switching principle is illustrated in
Figure 9.11. Moreover, the existence of bipolar flux linkage enables the FSDC machine to operate in
all the four quadrants of the energy-conversion plane, the flux linkage versus the magnetomotive force
(MMF), which actually distinguishes it from the DSDC machine as depicted in Figure 9.12.

On the basis of the use of toroidal-field winding, the structure of FSDC machine can be designed as

governed by

N, =2mi

s=am (9.10)
N, =N, +2j
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where N, is the number of stator poles, N, is the number of rotor poles, m is the number of phases of the
armature winding, and i and j are positive integers. For instance, when m =3, i=2, and j =1 are selected,
itends up with N, = 12 and N, = 10 or 14, leading to come up with the 12/10-pole and 12/14-pole FSDC
machine topologies.

Differing from the DSDC machine that it usually operates at the BLDC mode, the FSDC machine
can operate at either the BLDC mode or brushless AC (BLAC) mode, depending on the shape of the
flux linkage waveform (Lee ef al., 2014b). That is, when the armature adopts the concentrated winding
arrangement, the flux linkage is essentially trapezoidal, which favors the BLDC operation mode; whereas
when the armature adopts the distributed winding arrangement, the flux linkage is essentially sinusoidal,
which favors the BLAC operation mode.

Figure 9.13 shows the operating waveforms of the FSDC machine in which the BLDC operation mode
is employed. When the flux linkage yygpc is increasing, a positive armature current ipgp is applied to
produce a positive torque Txgpc. Also, when the flux linkage is decreasing, a negative armature current
is applied hence producing a positive torque. Each phase performs 120° conduction. Hence, the electro-
magnetic torque Tygpe under the BLDC operation mode can be expressed as

2r
1 . dygspe 1, dLgspe
Tispe = o /0 (lFSDCT + 5’12=SDC 40 deo

=Tpe + Ty 9.11)
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Figure 9.14 Operating waveforms of FSDC machine at BLAC mode

where Lyg is the self-inductance, Tp, is the DC field torque component, and T, is the reluctance torque
component. This DC field torque component is dominant and serves as the source of main torque, whereas
the reluctance torque component is small and actually the source of torque ripple.

Figure 9.14 shows the operating waveforms of the FSDC machine operating at the BLAC mode. When
the flux linkage wpgpe is increasing, a positive armature current ipgpc is applied to produce a positive
torque; meanwhile, when the flux linkage is decreasing, a negative armature current is also applied to
produce a positive torque. Each phase has 180° conduction angle. Hence, the electromagnetic torque
Trspc under the BLAC operation mode can be expressed as

31 2
Tespe = =5- | (B, sin0)(, sin 0))d6

0

3Emlm (9 12)
T 2w '
where I, is the amplitude of the phase current, E,, is the amplitude of the fundamental component of the
back EMF, and w is the electrical angular velocity.

The power converter requirements and speed control strategies of the FSDC motor drive are essentially
the same as the DSDC motor drive. Compared with the FSPM motor drive, the FSDC motor drive desires
an additional DC-DC converter to control the DC field current while enjoying the flexibility to perform
flux control.
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9.6 Vernier Reluctance Motor Drives

The VR machine is an unexcited inductor synchronous machine (Lee, 1963). It is so named because it
operates based on the vernier effect, which means that a small displacement of the rotor produces a large
displacement of the axis of permeance. When the armature winding of the machine creates the rotating
magnetic field, the rotor runs synchronously at a fraction of the speed of the rotating field. As the rotor
speed steps down from the rotating field, the machine torque steps up accordingly. Therefore, as the vernier
effect works as the magnetic gearing effect, the VR machine is particularly attractive for direct-drive appli-
cations desiring low-speed high-torque operation. Since this machine is a kind of synchronous machine,
the torque is developed only when it operates in the synchronous mode.

Figure 9.15 shows the structure of the VR machine in which both the stator and rotor have open slots,
and the armature winding is wound in the stator. Because the stator is a slotted iron core with an armature
winding and the rotor is simply a slotted iron core without a winding, this machine possesses the definite
merits of low cost, robust structure, and heat resistance. The slot pitch of the rotor is slightly different
from that of the stator in such a way that there are some stator teeth opposite to rotor teeth (maximum per-
meance) and some stator teeth opposite to rotor slots (minimum permeance). As illustrated in Figure 9.16,
where 7, is the stator slot pitch and 7, is the rotor slot pitch, when the stator tooth is exactly opposite to
the rotor tooth at the position X, the permeance is maximum; after the rotor moves to the right by a dis-
placement (7, — 7,), the next stator tooth becomes opposite to the next rotor tooth at the position Y. Thus,
the movement of the rotor through (7, — 7,) causes the axis of permeance moving through 7, in the same
direction (Mukherji and Tustin, 1974). Equivalently, the axis of permeance rotates in the same direction
as the rotor but at a higher speed. The corresponding speed ratio, dubbed as the magnetic gearing ratio,
G,, can be expressed as

G = s (9.13)

,
Ty~ T

Denoting N, as the number of stator teeth and N, as the number of rotor teeth, Eq. (9.13) can be rewritten

as N,
9.14)

G, = —"—
N, —N,

It should be noted that when the rotor slot pitch is greater than the stator slot pitch (7, > 7,), the resulting
G, is negative, which indicates that the rotor rotates in the direction opposite to that of the rotating field. In

Armature
winding

Figure 9.15  Structure of vernier reluctance machine
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Figure 9.16 Principle of operation of vernier reluctance machine

general, it is more preferable to have the stator slot pitch greater than the rotor slot pitch (7, > 7,) because
it can provide more room to accommodate the stator winding.

In the VR machine, the air-gap permeance waveform should have the same number of poles as the
stator MMF waveform. Thus, the relationship between the number of stator teeth N, and the number of
rotor teeth N, is governed by

N,=N.+2p (9.15)

where p is the number of pole-pairs of the rotating magnetic field produced by the armature winding.
When adopting the three-phase armature winding, the number of stator teeth can be expressed as

N, = 6apq (9.16)

where a is a positive integer and ¢ is the number of slots per pole per phase. For instance, when N, = 24
and p =1 are selected, it ends up with g=4, a=1, and N, = 22 or 26. As mentioned earlier, it is more
preferable to have 7, > 7, so that N, = 26 is preferred. That is, it is a three-phase two-pole VR machine
with 24 stator teeth and 26 rotor teeth as shown in Figure 9.15.

When the VR machine with p pole-pairs is fed by three-phase supply with frequency f, the rotating field
speed or usually called synchronous speed e, in rpm is given by

60f
= — 9.17)
4
Substituting Eqgs. (9.14) and (9.15) in Eq. (9.17), the rotor speed o, in rpm can be obtained as
120
0 = 2¥ (9.18)
N

r

It indicates that the rotor speed is independent of the number of poles of the armature winding. Thus, the
rotor speed is not affected by the number of poles but depends on the number of rotor teeth.
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While offering the unique feature of low-speed high-torque capability, the VR machine suffers from
two problems. First, since there is a large relative speed between the rotating field and rotor, the rotor
core losses and stray load losses are significant. Hence, this machine generally exhibits lower efficiency.
Second, since the reactive component of the armature current is high, this machine usually has a low
power factor, in the order of 0.2-0.4.

9.7 Doubly-Fed Vernier Reluctance Motor Drives

The VR machine is attractive for operating at low speeds and high torques, particularly for direct-drive
application. As it operates as a synchronous machine, it can offer much lower torque ripples than the SR
counterpart. However, its power factor is very poor that limits its widespread application. In order to solve
this problem, an additional supply can be employed to feed the stator of the machine, the so-called DFVR
machine.

Apart from the armature winding, there is an additional field winding in the DFVR machine. This
field winding can be fed by AC polyphase current or DC current, leading to create two members: vernier
reluctance AC (VRAC) machine and vernier reluctance DC (VRDC) machine. Theoretically, the field
winding can be located in the stator or rotor. The former needs both windings properly wound in the
stator, which desires more demanding magnetic circuit design, heat dissipation arrangement, and manu-
facturing process. In contrast, the latter needs slip-rings and carbon brushes to access the rotor circuitry,
which is undesirable for maintenance-free EV operation. Whatever the location of field winding adopted,
because of the variation of the air-gap permeance and the difference between the pole-pair numbers of
the armature and field windings, the DFVR machine can run synchronously at low speeds with improved
power factor.

Figure 9.17 shows the structure of the VRAC machine in which there are N teeth in the stator and N,
teeth in the rotor. The armature winding is a traditional three-phase distributed winding with p, pole-pairs,
and the field winding is another three-phase distributed winding with p; pole-pairs (Taibi, Tounzi, and
Piriou, 2006). Both windings are located in the stator.

Assuming that the permeability of iron is infinite, the magnetic energy or coenergy, W, of this VRAC
machine is stored only in the air-gap and can be expressed as

1 2r 5
W, = 3 ; (F, + Fy)"P(0,,0)do, (9.19)
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Figure 9.17 Structure of vernier reluctance AC machine
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where F, and F; are the MMF created by the armature and field windings, respectively, and P is the air-gap
permeance per angle, 6, is the position of a given point in the air-gap with respect to the stator frame, and
6 is the angle between the rotor and stator frames.

Since the armature and field windings are traditional three-phase distributed ones, their MMFs can be
written as (Tounzi, Ramdane, and Zaim, 2008)

o0

3 Zalam .
F,= ;E 2l+1)( 1K, cos(w,t — (2i + 1)p,6,) (9.20)
< 3 %l .
F,= ~K! —Qi+1 21
; Z T 1)( 'K} cos(w,t — (i + 1)pb,) (9.21)

where Kl’m and K! are their winding coefficients, Z, and Z, are their conductor numbers per slot, /
fw a f am

and I, are their current magnitudes, and w,, and w; are their angular frequencies. Meanwhile, the air-gap
permeance can be written as

P0,,0) = P, + Z P, cos(iN,0,) + Y Py, cos(kN (0, — 0))
=1 k=1

.
Il

+ P js—kr COS(iNses + gkNr(es - 9)) (922)
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where Py, Py, P, and P, are coefficients depending on the geometric characteristics and £ = +1. By

substituting Egs. (9.20)—(9.22) in Eq. (9.19), the developed torque can be obtained as

ow,
20

(9.23)

constant current

In order to yield the developed torque, the numbers of stator and rotor teeth as well as the numbers of
armature and field pole-pairs are governed by

IN;, +&N,| = Ip, + e pl (9.24)

In order to develop the torque using only the interaction between the fields of armature and field wind-
ings, the numbers of stator and rotor teeth as well as the numbers of armature and field pole-pairs are
governed by

INg+¢&N,|#p, #py (9.26)

Hence, the developed torque can be written as

T= 4N F g F P11y Sin((@, + €0))t + €N, (0 — 0,)) (9.27)

r-.am
where F,,, and Fj,, are the magnitudes of the armature MMF and field MME, respectively, and 6, is a
constant angle. This torque is constant when the rotor rotates at the synchronous speed w, as given by

w, = (9.28)

w, + € wy
€N,

Thus, the machine operates in a manner similar to that of a traditional synchronous machine.
From the desired synchronous speed, the armature winding frequency (f, = w,/2x), the field winding
frequency (f; = @, /2x), the number of rotor teeth can be deduced from Eq. (9.28). For instance,
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when o, = 50 rpm, f, = 50 Hz, and ff = 8.33 Hz are selected, it ends up with N, = 70; then, using
Eqgs. (9.24)-(9.26), N, =72, p, = 6, and Py = 4 can be resulted. It should be noted that there are many
possible solutions satisfying the design equations. The rule of thumb is to minimize the difference
between the numbers of stator and rotor teeth so as to get a smooth sinusoidal air-gap permeance.

When the field winding of this VRAC machine is connected in series to provide the same number of
pole-pairs and then fed by DC field current, it becomes the VRDC machine. The corresponding syn-
chronous speed can be deduced from Eq. (9.28) as given by

w, = — (9.29)

For example, when the machine having 70 rotor teeth is supplied with a frequency of 50 Hz, the operating
rotor speed is 43 rpm.

Figure 9.18 shows another viable structure of VRDC machine, also dubbed as the dual-winding reluc-
tance machine, in which the armature winding and DC field winding are wound with the nonoverlapping
concentrated winding arrangement (Fukami et al., 2010). The use of concentrated winding arrangement
can simplify the winding structure as well as reduce the end-winding and the amount of copper material
used. There are p, pole-pairs of the armature winding, p, pole-pairs of the DC field winding, and p, rotor
pole-pairs, which is equivalent to 2p, rotor teeth.

The key of operation is to make use of the reluctance rotor to modulate the stationary DC field, and
to magnetically couple with the rotating armature field. That is, when the DC field winding is excited, a
stationary field with p, pole-pairs is created in the air-gap. This field is modulated by the reluctance rotor
to form a rotating field with p, pole-pairs, which then couples magnetically with the rotating armature
field with p,, pole-pairs. Hence, the machine operates as a synchronous machine with (p, + p;) pole-pairs.
To enable this operation, the pole-pair numbers of the armature winding, field winding, and rotor are
related by

Patp
=== (9.30)
2
Hence, the number of rotor teeth, N, is given by
N, =2p.=p,+p; 9.31)
Since each stator tooth is wound as a field pole, the number of stator teeth N, is given by
N, =2p, (9.32)
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Figure 9.18 Structure of vernier reluctance DC machine
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In order to magnetically couple the modulated DC field and the armature field, the relationship between
the pole-pair numbers of the armature and field windings is given by

pr=Kp, (9.33)

where K is the number of stator teeth per armature pole. Consequently, the rotor speed can be written as
, 2w,

0, =—=—- (9.34)

" N _pa+pf

r

which indicates that the machine operates as a synchronous machine with (p, + p,) pole-pairs. Equiva-
lently, it offers the magnetic gearing ratio equal to the number of rotor teeth as given by

G, =N, (9.35)

Therefore, this dual-winding reluctance machine is a kind of VRDC machine, but with more specific
design and operation.

On the basis of the desired rotor speed and armature winding frequency, the number of rotor teeth can
be calculated by using Eq. (9.34). Then, the numbers of armature and field winding pole-pairs as well as
the number of stator teeth can be deduced from Eqgs. (9.31)—(9.33). For instance, when @, = 75rpm and
Jo = 50Hz are selected, it ends up with N, = 40 and then, p, = 16, p; = 24, and N, = 48.

9.8 Axial-Flux Magnetless Motor Drives

On the basis of the direction of magnetic flux paths and location of current-carrying conductors, all
machine topologies can generally be represented as RF, axial-flux, and linear-flux morphologies. Namely,
all machine topologies, such as induction, synchronous, SR, and advanced magnetless machines, can be
designed with the axial-flux morphology. For instance, the DSDC machine topology can have different
morphological representations as shown in Figure 9.19.

While most machines are developed in the RF morphology, where the air-gap flux is radially directed,
the axial-flux machine exhibits an axially directed air-gap flux. The corresponding stator usually has aring
structure and the rotor is a disc, with almost the same active inside and outside diameters. The radial length
from the stator inside diameter to outside diameter is the active part of the machine to develop the torque.
The axial length depends on the flux density in the stator and rotor yokes. Since both the stator and rotor
can be utilized with a proper yoke design, the axial-flux machine generally offers higher torque density
and higher power density than its RF counterpart. As the number of poles increases, the radial active part
of the machine remains unchanged. Hence, the axial-flux machine in the pancake shape is particularly
advantageous for low-speed high-torque motor drives, such as the direct-drive in-wheel motor (Profumo,
Zhang, and Tenconi, 1997).

The basic axial-flux magnetless (AFM) machine is the single-stator single-rotor structure as depicted
in Figure 9.20. The major problem of this design is the large axial force exerted on the stator by the rotor.
This axial force can be alleviated by adopting the single-stator double-rotor structure or the double-stator
single-rotor structure as depicted in Figures 9.21 and 9.22, respectively. That is, the axial force between
one pair of rotor and stator can be canceled out by the axial force between another pair of rotor and stator.

The single-stator double-rotor structure allows two different arrangements that result in different flux
distributions as shown in Figure 9.23. First, the armature windings in the stator are designed in such a
way that the stator current flows in reverse directions in each of the two back-to-back stator slots. Since
the end-winding length is almost equal to the stator yoke axial length, it can save copper material and
reduce the copper loss. However, this arrangement needs a large stator yoke size. Second, the two identical
armature windings in the stator are connected in such a way that the stator current flows in the same
direction in each of the two back-to-back stator slots. There is only one main flux that links the stator
windings and two rotors. Thus, it has a small stator yoke or may be even yokeless, which can reduce the
core material and iron loss, but suffers from long end-windings which result in high copper loss.
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Since the difference of machine morphologies does not affect their principle of operation, the mathe-
matical modeling, power electronics, and control strategies of AFM motor drives are essentially the same
as their RF counterparts. Nevertheless, the electromagnetic analysis of axial-flux machines is much more
difficult than their RF counterparts because the former generally involve three-dimensional finite element
analysis.

9.9 Design Criteria of Advanced Magnetless Motor Drives for EVs

The design criteria of advanced magnetless motor drives can be extended from their PM counterparts with
the PMs replaced by field windings. That is, the criteria for the SynR, DSDC, and FSDC machines are
similar to those for the PM synchronous, DSPM, and flux-switching PM machines, respectively, and the
VR and DFVR machines are similar to those for the vernier PM machine. Meanwhile, the design criteria
of the axial-flux morphologies are similar to those of the RF morphologies.

Because of the absence of high-energy PM material for field excitation, the advanced magnetless
machines generally suffer from lower torque density than their PM counterparts. Although the increase
of field current can temporarily boost up the torque of advanced magnetless machines, such as the DSDC
and FSDC machines, this operation causes high copper loss, which cannot be sustainable. Therefore, one
of the key design criteria of advanced magnetless machines is to optimize the machine dimensions, hence
maximizing the torque density to be comparable with their PM counterparts. On the other hand, instead
of competing with PM machines in terms of torque and power densities, another key design criterion of
advanced magnetless machines is to optimize their cost-effectiveness, namely the torque per cost (N m/$)
or power per cost (kW/$), which enables them favorably competing with PM machines for application to
low-cost EVs.

9.10 Design Examples of Advanced Magnetless Motor Drives for EVs

Since the use of multi-tooth technique and the adoption of axial-flux morphology can significantly
improve the torque density while the DSDC and FSDC machines are two most promising topologies
of advanced magnetless machines, the multi-tooth DSDC, multi-tooth FSDC, axial-flux doubly-salient
DC (AF-DSDC), and axial-flux flux-switching DC (AF-FSDC) motor drives are used for design
exemplification.

9.10.1 Multi-tooth Doubly-Salient DC Motor Drive

The multi-tooth structure, multiple teeth per stator pole, is proved to be able to increase the torque density
of SR machine (Lee et al., 2013). By incorporating the multi-tooth structure into the DSDC machine, the
multi-tooth DSDC machine can readily be created. Figure 9.24 shows the structure of an outer-rotor
multi-tooth SR machine, which is attractive for direct-drive in-wheel EV propulsion. Extending this
concept to the DSDC machine, the structure of an outer-rotor multi-tooth DSDC machine is shown in
Figure 9.25 in which there are 6 stator poles, each fitted with 4 teeth, resulting in 24 equivalent stator
poles, and there are 26 rotor poles. Differing from the multi-tooth SR machine, the multi-tooth DSDC
machine installs both the armature and DC field windings. The key features of this multi-tooth DSDC
machine are summarized as follows:

e Because of the inner-stator outer-rotor structure, the inner space of the stator can be fully utilized to
accommodate the armature and field windings. Thus, the outer-rotor multi-tooth DSDC machine can
offer higher power density than its inner-rotor counterpart.

e With the use of multi-tooth structure, the torque density can be further improved. Thus, the multi-tooth
DSDC machine can offer higher torque density than the DSDC machine.
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Figure 9.25 Structure of outer-rotor multi-tooth DSDC machine

o With the use of DC field winding, both the inductance-rising and inductance-falling zones can be uti-
lized for torque production. Thus, the multi-tooth DSDC machine can offer higher torque density and
lower torque ripple than the multi-tooth SR machine.

Since the multi-tooth DSDC machine is extended from the multi-tooth SR machine, its design equations
involve the design criteria of both the multi-tooth SR machine and the DSDC machine, which are
governed by

Ny, = 2mk
Ny =N, Ny (9.36)
N, =N, +2k

where N, is the number of stator poles, N, is the number of stator teeth per pole, N is the equivalent
number of stator poles, N, is the number of rotor poles, m is the number of phases, and k is an integer. For
instance, by selecting Ny, = 6, Ny = 4, m=3, and k=1, itends up with N, = 24 and N, = 26 as depicted
in Figure 9.25. Then, the machine dimensions, namely the stator diameter, rotor diameter, core length,
pole arc, pole height, and yoke thickness, are designed in such a way that the magnetic saturation and
hence the core losses can be minimized.

As the principle of operation of the multi-tooth SR machine is the same as that of the traditional SR
machine, the principle of operation of the multi-tooth DSDC machine is also the same as that of the DSDC
machine. The key design data of this multi-tooth DSDC machine are listed in Table 9.1, where similar
data of the multi-tooth SR machine are also listed for comparison.
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Table 9.1 Key design data of multi-tooth DSDC and SR machines

Multi-tooth DSDC Multi-tooth SR
Rotor outside diameter (mm) 280 280
Rotor inside diameter (mm) 211.2 211.2
Stator outside diameter (mm) 210 210
Stator inside diameter (mm) 40 40
Air-gap length (mm) 0.6 0.6
Stack length (mm) 500 500
Number of phases 3 3
Number of armature winding turns 30 60
Number of field winding turns 100 N/A
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Figure 9.26 Torque waveforms of multi-tooth DSDC machine

By using finite element analysis, the output torque waveforms of this multi-tooth DSDC machine are
simulated. As shown in Figure 9.26, the rated torque is 92.3 N m, and the rated cogging torque is 6.4 N m.
The corresponding torque ripple is 19.6%, which is comparable with the normal DSDC machine. It should
be noted that the cogging torque is the detent torque due to the interaction between the stator and rotor
teeth in the presence of field excitation. Therefore, it can be considered as the torque at no-load condi-
tion. Meanwhile, the torque ripple is a measure of torque fluctuation, which is defined as the ratio of the
peak-to-peak difference to the average value.

The overall performances of this multi-tooth DSDC machine are compared with those of the multi-tooth
SR machine as listed in Table 9.2. It can be found that the multi-tooth DSDC machine can significantly
improve the power density and torque density by about 2.6 times and suppress the torque ripple by 3.3
times as compared with its multi-tooth SR counterpart.

9.10.2 Multi-tooth Flux-Switching DC Motor Drive

Figure 9.27 shows the structure of outer-rotor multi-tooth FSDC machine in which there are 6 stator poles,
each fitted with 4 teeth, resulting in 24 equivalent stator poles, and there are 20 rotor poles. When com-
pared with the multi-tooth DSDC machine, the multi-tooth FSDC machine possesses some advantageous
features:
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Table 9.2 Key performance data of multi-tooth DSDC and SR machines

Multi-tooth DSDC Multi-tooth SR
Rated power (kW) 4.8 1.8
Rated speed (rpm) 500 500
Rated armature current (A/mm?) 5 5
Rated field excitation (A-turn) 500 N/A
Rated torque (N m) 92.3 35.2
Cogging torque (N m) 6.4 N/A
Torque ripple (%) 19.6 64.3
Rotor

Stator

DCfield
winding

Figure 9.27 Structure of outer-rotor multi-tooth FSDC machine

e Both the armature and DC field windings of the multi-tooth DSDC machine are located in the same
slot, whereas the windings of the multi-tooth FSDC machine are located in different slots. Thus, the
multi-tooth FSDC machine can accommodate more winding turns, and provide easier winding process.

e The flux linkage variation of the multi-tooth DSDC machine is unipolar, whereas the flux linkage vari-
ation of the multi-tooth FSDC machine is bipolar. Hence, the multi-tooth FSDC machine can fully
utilize the iron core, thereby offering higher torque density and higher power density.

The design equations of the multi-tooth FSDC machine involve the design criteria of both the
multi-tooth SR machine and the FSDC machine, which are governed by

Ny, =2mi
N, = Ny Ny 9.37)
Nr =Nse _Nsp + 2

where N, is the number of stator poles, Ny, is the number of stator teeth per pole, N is the equivalent
number of stator poles, N, is the number of rotor poles, m is the number of phases, and i and j are integers.
For instance, by selecting Ny, =6, Ny =4, m=3,i=1, and j=1, it ends up with N, = 24 and N, = 20
as shown in Figure 9.27. Then, the machine dimensions, namely the stator diameter, rotor diameter, core
length, pole arc, pole height, and yoke thickness, are designed in such a way that the magnetic saturation
and hence the core losses can be minimized. The key design data of this multi-tooth FSDC machine are
listed in Table 9.3, in which similar data of the multi-tooth SR machine are also listed for comparison.
The principle of operation of the multi-tooth FSDC machine is the same as that of the FSDC machine.
On the basis of finite element analysis, the output torque waveforms of the multi-tooth FSDC machine
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Table 9.3 Key design data of multi-tooth FSDC and SR machines

Multi-tooth FSDC Multi-tooth SR
Rotor outside diameter (mm) 280 280
Rotor inside diameter (mm) 211.2 211.2
Stator outside diameter (mm) 210 210
Stator inside diameter (mm) 40 40
Air-gap length (mm) 0.6 0.6
Stack length (mm) 500 500
Number of phases 3 3
Number of armature winding turns 60 60
Number of field winding turns 80 N/A
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Figure 9.28 Torque waveforms of multi-tooth FSDC machine

are simulated as shown in Figure 9.28. It can be observed that the rated torque is 105.8 N'm, while the
rated cogging torque is 7.8 Nm. The corresponding torque ripple is 31.6%, which is comparable with
the normal FSDC machine. The overall performances of this multi-tooth FSDC machine are compared
with those of the multi-tooth SR machine as listed in Table 9.4. It confirms that the multi-tooth FSDC
machine can offer much higher power density and torque density as well as much lower torque ripple
than its multi-tooth SR counterpart. Moreover, by comparing Tables 9.2 and 9.4, it can be found that the
multi-tooth FSDC machine can offer higher power density and higher torque density, while suffering from
higher cogging torque and higher torque ripple than the multi-tooth DSDC counterpart.

9.10.3 Axial-Flux Doubly-Salient DC Motor Drive

An AF-DSDC machine is designed for EV in-wheel motor drive. The specifications of this in-wheel
motor drive are listed in Table 9.5. Figure 9.29 shows the topology of this AF-DSDC machine, which
adopts the double-stator single-rotor structure. It installs with both the armature winding and DC field
winding in each of the stator, and both windings adopt the concentrated winding arrangement (Lee, Liu,
and Chau, 2014). On the basis of this structure with proper dimensions, the machine is able to mount its
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Table 9.4 Key performance data of multi-tooth FSDC and SR machines

Multi-tooth FSDC Multi-tooth SR
Rated power (kW) 5.5 1.8
Rated speed (rpm) 500 500
Rated armature current (A/mm?) 5 5
Rated field excitation (A-turn) 500 N/A
Rated torque (N m) 105.8 35.2
Cogging torque (N m) 7.8 N/A
Torque ripple (%) 31.6 64.3

Table 9.5 Specifications of in-wheel motor drive

Peak DC voltage 360V

Rated power 4. 7kW

Rated torque 150N m
Constant-torque operation 0-300 rpm
Constant-power operation 300-900 rpm
Peak torque 130% for 10s
Wheel dimension 195/65R15

rotor to the tire directly so that the in-wheel direct drive can be achieved as shown in Figure 9.30. The
machine is designed based on a four-phase topology. The corresponding design equations are the same as
the radial-flux doubly-salient DC (RF-DSDC) machine. Thus, the pole arrangements of this AF-DSDC
machine are selected as N; = 8 and N, = 10, resulting in 8 poles in each stator and 10 poles on each side
of the rotor. The key design data are tabulated in Table 9.6.

Since each of the two sets of windings is installed with their magnetic axes parallel to each other and
with opposite directions, the magnetic flux generated by the DC field winding is virtually divided into two
equal paths in the rotor yoke as depicted in Figure 9.31. Hence, the attractive force between the stator 1
and rotor can be canceled out with the attractive force between the stator 2 and rotor, thus solving the key
drawback that normally occurs at the single-stator single-rotor axial-flux machines. In addition, in order
to ease the operation complexity, the sets of windings in the two stators are purposely connected in series.

The power electronics for this AF-DSDC machine is the same as the RF-DSDC machine. That is,
the full-bridge inverter is equipped to feed the armature windings while providing the independent phase
control capability. Meanwhile, the full-bridge DC-DC converter is equipped to control the DC field wind-
ings while providing bidirectional DC field current to facilitate the flux strengthening and weakening
capabilities.

Similar to the RF-DSDC machine, the AF-DSDC machine normally operates at the BLDC mode.
Moreover, it normally operates at the bipolar conduction scheme in order to develop torque during both
inductance-rising and inductance-falling zones. Nevertheless, it can operate at the unipolar conduction
scheme when the DC field winding is under open-circuit fault. In fact, the DSDC motor drive operat-
ing at the BLDC mode under the unipolar conduction scheme is equivalent to an SR motor drive. To be
more specific, the armature current at the unipolar conduction scheme needs to be boosted up so that the
resulting machine torque should be comparable with that offered at the bipolar conduction scheme, lead-
ing to suffer from degraded efficiency during this fault-tolerant operation. Since this unipolar conduction
scheme utilizes only half of the torque-producing period, the corresponding torque ripple is also worse
than that at the bipolar conduction scheme.
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Figure 9.29 Axial-flux DSDC machine: (a) topology and (b) structure

Differing from the electromagnetic field analysis of RF machines, the analysis of axial-flux machines
generally involves three-dimensional finite element analysis. Figure 9.32 shows the no-load magnetic
field distribution of the AF-DSDC machine. It can be found that the magnetic flux in the rotor yoke is
divided into two symmetrical paths passing through the two stators, illustrating that the attractive forces
of the two stators exerted on the rotor are canceled out. Then, the flux density waveforms at both air-gaps
under the no-load condition are shown in Figure 9.33, where the DC field excitation is set at the rated
current density of 5 A/mm?. It can be found that both air-gap flux density waveforms are almost the same,
confirming that the two stators can develop almost the same torque.

The torque waveform of the AF-DSDC machine under the rated armature current of 5 A/mm? and rated
DC field excitation of 5 A/mm? is shown in Figure 9.34. It can be observed that the developed torque can
achieve an average value of 154.2 N m, which can satisfy the desired specification of rated torque listed
in Table 9.5. Since the DC field winding can be independently controlled, the air-gap flux density can be
flexibly regulated. When the DC field excitation is temporarily strengthened to 10 A/mm?, the developed
torque can achieve an average value of 203.2Nm as shown in Figure 9.35, which is very useful for
temporarily boosting the torque for EV launch or overtaking.
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Figure 9.30 Structure of in-wheel direct drive using AF-DSDC machine

Table 9.6 Key design data of AF-DSDC machine

Radial outside diameter 381 mm
Radial inside diameter 100 mm
Axial stack length 195 mm
Stator inside diameter 100 mm
Length of each air-gap 0.5mm
Number of poles on each stator face 8
Number of poles on each rotor face 10
Number of armature phases 4
Number of turns per armature coil 50
Number of turns per field coil 50
Stator 1 Rotor Stator 2
______ e i

Yy

Figure 9.31 Magnetic flux paths of DC field in AF-DSDC machine
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Figure 9.33  Air-gap flux density waveforms of AF-DSDC machine: (a) air-gap 1 and (b) air-gap 2
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Figure 9.34 Torque waveform of AF-DSDC machine under rated DC field excitation
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Figure 9.35 Torque waveform of AF-DSDC machine under strengthened DC field excitation
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Figure 9.36  Torque—speed capability of AF-DSDC machine

Differing from the DSPM machine, the DSDC machine possesses the definite merits that the field
excitation can be flexibly controlled, hence achieving high flux-weakening capability for wide speed
constant-power operation. The torque—speed capability of the AF-DSDC machine is simulated as shown
in Figure 9.36 in which the DC field current is weakened with the increase of speed. It confirms that
the machine can maintain constant-power operation over a very wide speed range. Particularly, with
the DC field excitation of 1.5 A/mm?, the operating speed is 907 rpm, which can fully cover the desired
constant-power speed range as listed in Table 9.5.
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Figure 9.37 No-load EMF waveforms of AF-DSDC machine at various speeds: (a) without DC field control
and (b) with DC field control

Furthermore, the DC field excitation of the AF-DSDC machine can be flexibly tuned to vary with
the rotor speed in such a way that the generated voltage is kept constant. This feature is particularly
useful to charge the battery when the machine performs regenerative braking over a wide speed range.
Figure 9.37 shows the no-load EMF waveforms at various speeds with and without employing DC field
control. Obviously, without using the DC field control, the amplitudes of the output voltage vary with the
operating speeds, which is not favorable for battery charging and may even damage the battery. On the
contrary, with the use of DC field control, the output voltage amplitudes can be kept constant over a wide
speed range, which is highly desirable.

The overall performances of the AF-DSDC machine are summarized in Table 9.7. In order to justify
the use of axial-flux morphology, the performances of the AF-DSDC machine are compared with three
RF counterparts, namely the RF-SR, RF-DSDC, and RF-DSPM machines. To have a fair comparison,
all machines adopt the same dimensions, namely the radial outside diameter, radial inside diameter, axial
stack length, and air-gap length. In addition, the winding factors and current densities are selected to be
the same. On the basis of finite element analysis, their key performances are calculated as summarized
in Table 9.8. As expected, since the RF-SR machine utilizes only half of its torque-producing period, the
corresponding gravimetric and volumetric rated torque densities are the worst. Meanwhile, by utilizing all
the torque-producing periods, the RF-DSDC machine can offer better torque performances than the RF-SR
machine, but still much lower than those of the RF-DSPM machine. With the use of axial-flux morphology,
the AF-DSDC machine can offer much higher torque densities than its RF-DSDC counterpart, and become
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Table 9.7 Overall performances of AF-DSDC machine

Rated power 4.8 kW
Power density 35.4W/kg
Operating frequency at base speed 50Hz
No-load EMF of armature winding 1 153V
No-load EMF of armature winding 2 153V
Rated DC field excitation 5 A/mm?
Rated torque 154.2Nm
Torque ripple at rated torque 27.4%
Boosted DC field excitation 10 A/mm?
Boosted torque 203.2Nm

Table 9.8 Performance comparison of axial-flux and radial-flux machines

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) 0.34 041 0.39 0.65

comparable with those of the RF-DSPM machine. Therefore, it illustrates that the advanced magnetless
machine can offer the torque densities in par with its PM counterpart. Although the RF-DSPM machine
can still offer slightly higher torque densities than the AF-DSDC machine, the corresponding material
cost is much higher because of the use of expensive PM material. To assess the cost-effectiveness of these
machines, the rated torque per unit cost is calculated. It can be found that the AF-DSDC machine is most
cost-effective, and actually much better than the RF-DSPM machine.

9.10.4  Axial-Flux Flux-Switching DC Motor Drive

Similar to the previous case, an AF-FSDC machine is designed for EV in-wheel motor drive with the
same specifications as listed in Table 9.5. Differing from the previous case, the topology of this AF-FSDC
machine adopts a single-stator double-rotor structure rather than a double-stator single-rotor one, as shown
in Figure 9.38. It installs with both the armature winding and DC field winding on both sides of the
stator, and both windings adopt the concentrated winding arrangement (Lee et al., 2014a). On the basis
of this structure, the machine is directly mounted with the tire to achieve the in-wheel direct drive. The
corresponding design equations are the same as the radial-flux FSDC machine as given by Eq. (9.10).
Thus, when the pole arrangements of this AF-FSDC machine are selected as m=3, i=2, and j=1, it
ends up with N, = 12 and N, = 10. That is, it is a three-phase AF-FSDC machine with 12 poles on both
sides of the stator and 10 poles in each rotor. Because of the inherent pole split of each stator pole of the
FSDC machine, the 12 stator poles can be considered as the 24 equivalent stator poles. The key design
data are summarized in Table 9.9.

As the two sets of windings are installed with their magnetic axes perpendicular to each other, the mag-
netic flux generated by the DC field winding in the stator is divided into two equal paths as shown in
Figure 9.39. Hence, the attractive force between the stator and rotor 1 can be canceled out with the attrac-
tive force between the stator and rotor 2, thus solving the key drawback of those single-stator single-rotor
axial-flux machines.



284 Electric Vehicle Machines and Drives

Rotor 1

Rotor 2
Armature Armature
winding 1 winding 2
Stator
DC field
winding

(a)

Stator

Rotor 1

(b)

Figure 9.38 Axial-flux FSDC machine: (a) topology and (b) structure

Table 9.9 Key design data of AF-FSDC machine

Radial outside diameter 381 mm
Radial inside diameter 100 mm
Axial stack length 195 mm
Length of each air-gap 0.5mm
Number of poles on each stator face 12
Number of teeth per stator pole 2
Number of equivalent poles on each stator face 24
Number of poles on each rotor face 10
Number of armature phases 3
Number of turns per armature coil 50

Number of turns per field coil 50




Advanced Magnetless Motor Drives 285

Rotor 1 Stator Rotor 2

®

-

Figure 9.39 Magnetic flux paths of DC field in AF-FSDC machine

This AF-FSDC machine adopts the same power electronics as the radial-flux FSDC machine. That
is, the full-bridge inverter is used to feed the armature windings, and the full-bridge DC-DC converter
is employed to control the DC field windings. Similar to the radial-flux FSDC machine, the AF-FSDC
machine can operate at the BLDC mode or BLAC mode. Similar to the AF-DSDC machine, this AF-FSDC
machine can also offer the fault-tolerant operation when the DC field winding is under open-circuit fault.
That is, during the malfunction of DC field excitation, the AF-FSDC machine can operate at the BLDC
mode with the unipolar conduction scheme. Hence, under this fault-tolerant operation, it enables the FSDC
motor drive operating alike an SR motor drive. The resulting torque level can be retained, but suffering
from degraded efficiency and high torque ripple.

On the basis of three-dimensional finite element analysis, the no-load magnetic field distribution of this
AF-FSDC machine is depicted in Figure 9.40. It confirms that the magnetic flux in the sandwiched stator
is divided into two equal paths passing through the two rotors, leading to cancel out the attractive forces
of the stator exerted on the two rotors. Since the flux densities at both air-gaps are almost the same, the
two rotors can develop almost the same torque.

The flux linkage waveforms of the AF-FSDC machine under the rated DC field excitation of 5 A/mm?
are shown in Figure 9.41. It can be seen that the machine offers the bipolar flux linkage, hence confirming
the flux-switching feature. Meanwhile, it can be found that the machine offers balanced three-phase flux
linkage patterns, confirming that the pole-pair arrangement and winding configurations are proper. The
torque waveform of this machine under the rated armature current of 5 A/mm? and DC field excitation
of 5 A/mm? is shown in Figure 9.42. It can be found that the developed torque can achieve an average
value of 151.3 N m, which can well fulfill the desired torque specification. When the DC field excitation
is temporarily increased to 10 A/mm?, the developed torque can achieve an average value of 192.5 N m
as shown in Figure 9.43, which is particularly useful for EV launch or overtaking.

Because of the merit of flexible DC field excitation, the torque—speed capability of this AF-FSDC
machine with DC flux weakening for constant-power operation is shown in Figure 9.44. It confirms that
the machine can maintain constant-power operation over a very wide speed range. Particularly, with the
DC field excitation is weakened to 1 A/mm?, the operating speed is 1183 rpm, which can fully cover the
desired requirement of speed range.
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Figure 9.40 No-load magnetic field distribution of AF-FSDC machine
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Figure 9.41 Flux linkage waveforms of AF-FSDC machine under rated DC field excitation
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Figure 9.42 Torque waveform of AF-FSDC machine under rated DC field excitation



Advanced Magnetless Motor Drives

287

240
200-.
160-
120-.

Torque (Nm)

& 0
(=] =/ =]
P PR |

0

Figure 9.43 Torque waveform of AF-FSDC machine under strengthened DC field excitation
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In order to assess the merit of flux control of this AF-FSDC machine, the no-load EMF waveforms at
various speeds with and without employing DC field control are shown in Figure 9.45. It can be found
that the amplitudes of the output voltage vary with the operating speeds in the absence of DC field control,
whereas the output voltage amplitudes can be kept constant over a wide speed range in the presence of
DC field control. This feature is useful to effectively charge the battery during regenerative braking over

a wide range of speeds.

The overall performances of the AF-FSDC machine are summarized in Table 9.10. In summary, the
machine can offer high torque density and high power density while having flexible flux controllability for
temporary torque boosting for EV launch or overtaking, wide speed range for constant-power operation,
and constant output voltage regulation during EV regenerative braking.
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Figure 9.45 No-load EMF waveforms of AF-FSDC machine at various speeds: (a) without DC field control
and (b) with DC field control

Table 9.10 Overall performances of AF-FSDC machine

Rated power 4.7kW
Based speed 300 rpm
No-load EMF 316 V
Rated DC field excitation 5 A/mm?
Rated torque 151.3Nm
Torque ripple at rated torque 28.4%
Boosted DC field excitation 10 A/mm?
Boosted torque 192.5Nm

9.11 Potential Applications of Advanced Magnetless Motor Drives in EVs

Because of excellent performances, the PM motor drives play the major role for high-performance EV
propulsion. Meanwhile, because of the high price and fluctuating supply of PM materials, the advanced
magnetless motor drives will play the major role for well-performed EV propulsion desiring high
cost-effectiveness.
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Table 9.11 Comparison of potentiality of advanced magnetless motor drives

SynR DSDC FSDC VR DFVR AFM
Power density Fair Good High Low Fair Superb
Torque density Fair Good High High High Superb
Efficiency Fair High High Fair High High
Power factor Low Fair Fair Low Fair Fair
Controllability Fair High High Fair High High
Robustness Low Fair Fair High Fair Low
Manufacture Hard Fair Fair Easy Fair Hard
Material cost Fair Fair Fair Low Fair Fair
Maturity High Fair Fair High Low Low

As discussed earlier, there are six major types of advanced magnetless motor drives for EV propulsion:
SynR, DSDC, FSDC, VR, DFVR, and AFM. It has to be noted that the AFM motor drives refer to the
axial-flux versions of those viable RF magnetless motor drives such as the DSDC and FSDC motor drives.
These six major types of advanced magnetless motor drives are compared in terms of their power density,
torque density, efficiency, power factor, controllability, robustness, manufacturability, cost, and maturity.
Table 9.11 summarizes the corresponding comparison.

In terms of power density and torque density, the AFM motor drives are the best because they can fully
utilize the core material for torque production. The FSDC motor drive exhibits higher power and torque
densities than the DSDC motor drive as it can offer bipolar flux linkage that can enhance the utilization of
core material. Both the VR and DFVR motor drives possess the magnetic gearing effect, thus inherently
offering high torque density for low-speed operation. Those doubly-fed magnetless motor drives with the
capability of field control, namely the DSDC, FSDC, DFVR, and AFM, can achieve higher efficiency than
those with singly-fed motor drives. As all magnetless machines inherently exhibit high inductance, the
corresponding power factor is not high. Particularly, those singly-fed magnetless motor drives, SynR and
VR, suffer from low power factor. Concerning controllability, those doubly-fed magnetless motor drives,
DSDC, FSDC, DFVR, and AFM, are better than the singly-fed counterparts.

In terms of robustness and manufacturability, the SynR and AFM motor drives are nonperformers since
the SynR machine relies on using the axially laminated iron core while the AFM machine desires the
double-stator or double-rotor structure. On the contrary, the VR motor drive offers the highest simplicity,
leading to be very robust and easy manufacturing. Also, the simple structure and singly-fed nature of the
VR motor drive enables it to have the merit of lowest material cost.

Concerning maturity, the SynR and VR motor drives are relatively most mature because they have been
developed for many decades. Then, the DSDC and FSDC motor drives are quite mature, which have
been developed for over a decade. They are considered as the most prominent magnetless alternatives as
compared with their PM counterparts, namely the DSPM and FSPM motor drives. As the DFVR motor
drive is recently derived from the VR motor drive, it is immature. Meanwhile, since the AFM machines
are recently derived from those viable RF counterparts, their corresponding maturity is low.
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Integrated-Starter-Generator Systems

The integrated-starter-generator (ISG) is an important device for hybrid electric vehicles (HEVs), which
replaces the conventional starter motor and the generator (also called alternator or dynamo). Its other
common name is the integrated-starter-alternator (ISA). Apart from cranking the engine and generating
electricity to charge the battery, the ISG provides three unique functions for micro and mild HEVs: idle
stop-start, regenerative braking, and power assistance.

In this chapter, various ISG systems, including their system configurations, machine structures, and
operation modes, are presented, with emphasis on their applications to micro and mild HEVs. The corre-
sponding design criteria, design examples, and application examples are also discussed.

10.1 Classification of HEVs

There are two major classifications of HEVs, one is based on the power flow and another is based on the
hybridization level. The former is more academic in nature and can provide more technical information,
whereas the latter is more straightforward and can be easily realized by the general public.

On the basis of the flows of electrical and mechanical powers, HEVs used to have two basic
configurations —the series hybrid and parallel hybrid. With the introduction of some HEVs having the
characteristics of both the series and parallel hybrids, the basic configurations were extended to three
kinds —the series hybrid, parallel hybrid, and series-parallel hybrid. Moreover, with the advent of some
HEVs with dual-axle propulsion that cannot be represented by these three kinds, the basic configurations
have been extended to four kinds (Chau and Wong, 2002; Ehsani et al., 2005):

e Series hybrid

e Parallel hybrid

e Series-parallel hybrid
e Complex hybrid

Figure 10.1 shows the four basic configurations of HEVs based on this classification, where B is the
battery, D is the differential, E is the engine, F is the fuel tank, G is the generator, M is the motor, P is
the power converter, T is the transmission, W is the wheel, the solid line represents the electrical link,
the double line represents the mechanical link, and the dotted line represents the hydraulic link. Both the
electrical and mechanical links are bidirectional in nature, and the hydraulic link is unidirectional. It can
be observed that the key feature of the series hybrid is to couple the engine with the generator to produce
electricity for pure electric propulsion, whereas the key feature of the parallel hybrid is to couple both the
engine and electric motor with the transmission to propel the driving wheels. The series-parallel hybrid

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 10.1 Classification of HEVs based on power flow: (a) series hybrid, (b) parallel hybrid, (c) series-
parallel hybrid, and (d) complex hybrid

combines the features of both the series and parallel hybrids. The complex hybrid further combines the
features of pure electric propulsion and hybrid propulsion.

The series hybrid is the simplest kind of HEVs. Since the engine is directly coupled with the generator,
the mechanical output power of the engine is totally converted into electricity by using the generator.
The converted electricity in turn charges the battery or feeds the electric motor to propel the driving
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wheels, depending on the load condition. Because of electrical wiring, it has the definite advantage of
high flexibility to locate the engine-generator set. Since the engine can operate within a narrow range
of speeds, the efficiency of the engine can readily be maximized. Although the series hybrid has the
above-mentioned merits, it suffers from using three propulsion devices, namely the engine, generator,
and electric motor, which need to be sized for the maximum output power. Unless it is designed to serve
for short-trip operation such as commuting to work and shopping, the corresponding engine-generator
set can adopt a lower power rating. In fact, most series hybrids that are used today are shorter-distance
medium-duty vehicles such as the transit bus.

Differing from the series hybrid, the parallel hybrid allows both the engine and electric motor delivering
power in parallel to propel the driving wheels. Since the engine and electric motor are coupled to the
driveline of the wheels, the propulsion power can be provided by the engine alone, electric motor alone,
or both. The electric motor can serve as a generator to charge the battery during regenerative braking
or the light load condition. Better than the series hybrid, the parallel hybrid needs only two propulsion
devices, namely the engine and electric motor. In addition, both the engine and electric motor can be sized
smaller than those of the series hybrid because they share the maximum output power. Even for long-trip
operation, only the engine needs to be rated for the maximum output power while the electric motor may
still be sized to about one-half of the maximum level.

In the series-parallel hybrid, the configuration incorporates the features of both the series and parallel
hybrids, but involving an additional mechanical link as compared with the series hybrid, or an additional
generator as compared with the parallel hybrid. Although it possesses the advantageous features of both
the series and parallel hybrids, the series-parallel hybrid is more complicated and costly. Nevertheless,
with the ever-increasing demand on performance and flexibility, it is becoming accepted.

As reflected by its name, the complex hybrid involves a complex configuration that cannot be classified
into the above-mentioned three kinds. It seems to be similar to the series—parallel hybrid in terms of
the number of propulsion devices. However, there is a fundamental difference that the electric machine
coupled with the engine can serve as both the electric motor and generator for bidirectional power flow
in the complex hybrid, whereas the electric machine coupled with the engine works as only the generator
for unidirectional power flow in the series—parallel hybrid. Most importantly, the three propulsion devices
can be arranged to provide electric propulsion for one axle and hybrid propulsion for another axle, which
cannot be offered by the series—parallel hybrid. A unique feature of this dual-axle propulsion system is
the capability of axle balancing. For instance, when the wheels of the hybrid propulsion axle slip, the
corresponding electric machine works as the generator to absorb the change of engine output power;
through the battery, this power difference is then fed into the electric motor to drive the wheels of the
electric propulsion axle. Of course, the regenerative braking of this configuration is better than the others
because the electric machines in both axles serve to simultaneously recover the braking energy of all
wheels to charge the battery.

On the basis of the hybridization level between the engine and electric motor, HEVs have been classified
as (Ebron and Cregar, 2005; Chau and Chan, 2007)

e Micro hybrid
e Mild hybrid
e Full hybrid

Recently, this classification has been further extended to include the latest types of HEVs:

e Plug-in hybrid electric vehicle (PHEV)
e Range-extended electric vehicle (REV)

Figure 10.2 depicts their classification in terms of the energy source and propulsion device, whereas
all kinds of hybrids lie between the internal combustion engine vehicle (ICEV) and the pure electric
vehicle (PEV).
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Figure 10.2 Classification of HEVs based on hybridization level

For the micro hybrid, the conventional starter motor is eliminated while the conventional generator is
replaced by the ISG. This ISG is typically 3—5 kW with the system voltage of 14—42 V. Instead of pro-
pelling the vehicle, it offers two important hybrid features. One is to shut down the engine when the vehicle
is at rest, the so-called idle stop-start feature, hence improving the fuel economy by 10-15% in urban driv-
ing environment. The micro hybrid also controls the generator in such a way that it produces electricity to
charge the battery primarily during deceleration and braking, hence providing a mild amount of regener-
ative braking. The corresponding battery voltage ranges from 12 to 36 V. The Citroén C3, currently being
sold in Europe, is a micro hybrid.

For the mild hybrid, the ISG is generally placed between the engine and the transmission. This ISG
is typically 7-15kW with the system voltage of 100-150 V. It can provide the hybrid features of idle
stop-start and full regenerative braking. Also, as the ISG assists the engine to propel the vehicle, it can
allow for a downsized engine. Since the rotor of the ISG replaces the engine flywheel in many designs,
both the engine and ISG share the same shaft so that this hybrid cannot offer the electric launch feature,
namely accelerating under electric power only. The battery voltage ranges from 36 to 144 V. The Honda
Insight was probably the first commercially available mild hybrid.

Differing from the micro and mild hybrids, the full hybrid can run based on the engine alone, the
electric motor alone, or a combination of both. Instead of using the ISG system, it adopts the electric
variable transmission (EVT), also called electronic-continuously variable transmission, system to perform
power splitting and power regulation. Therefore, it can offer all hybrid features, including the electric
launch, idle stop-start, regenerative braking, and downsized engine, which enable an improvement of
30% in fuel economy. Typically, the corresponding electric motor is 50-60 kW with the system voltage
of 500-600V, and the battery capacity is 1-2 kWh with the nominal voltage of 200-300 V. The Toyota
Prius is a full hybrid that is probably the most successful production HEV. Meanwhile, a derivative of
this full hybrid is the power hybrid. The only difference is that the power hybrid does not have the feature
of downsized engine. It installs the same size engine as that of a conventional ICEV so that the resulting
hybrid propulsion power can provide more torque and better acceleration performance than the ICEV. A
representative of this power hybrid is the Lexus RX450h.

Among the three types of hybrids, they need to carry various price premiums (a few hundred to several
thousand dollars) in order to obtain 10-30% improvement in fuel economy. As depicted in Figure 10.3,
the micro hybrid takes the advantage of cost-effectiveness in fuel economy, the full hybrid enjoys the
highest fuel economy, and the mild hybrid offers a compromise. Anyway, each of them has its own niche
of application.
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Figure 10.3 Comparison of price premium and fuel economy of various types of hybrids

For the PHEYV, it provides all features of the full hybrid, while having an additional feature of plug-in
rechargeable. In general, it is equipped with more battery packs than the full hybrid, typically 4-5kWh
with the nominal voltage of 200-300 V. Thus, it can offer a longer electric range and reduce the require-
ment for gasoline refueling. This plug-in hybrid can operate at the charge-depleting mode (the pure electric
vehicle (EV) mode) to provide a decent electric range, and the blended mode in which most of the propul-
sion power is supplied by the battery but supplemented by the engine to maximize the fuel economy.
Typically, the electric motor is about 60 kW with the system voltage of about 650 V. The corresponding
electric motor and battery voltage ratings are typically 30-50 kW and 400-500 V, respectively. The Toyota
Prius Plug-in Hybrid Vehicle (PHV) is a midsize plug-in hybrid, and has been commercially available
since 2012.

For the REYV, it is sometimes classified into the PHEV rather than as an individual type. It provides all
features of the plug-in hybrid, and the unique feature of the series hybrid. Compared with the PHEYV, it
usually installs a smaller engine but a larger battery bank. As reflected by its name, it prefers to work as a
PEV until the battery capacity drops to a predefined threshold from full charge. Then, it works as a series
hybrid so that the engine drives the generator to keep the battery at the minimum capacity level and provide
power to the electric motor. At higher speeds and loads, the REV operates as the plug-in hybrid or full
hybrid. In order to provide the desired electric range, the battery requirement is typically over 16 kWh
with the nominal voltage of 350-390 V. The corresponding electric motor needs to achieve 110kW to
enable the pure EV mode of operation. The General Motors (GM) Chevrolet Volt is a representative REV
that has been on mass production since 2011.

In the following sections, the ISG systems will be dealt with emphasis on the micro and mild hybrids.
The EVT systems for the full hybrid, PHEV, and REV, though including all features of ISG systems, will
be discussed in next few chapters.

10.2 ISG System Configurations

In conventional automobiles, the starter motor and generator are separately coupled with the engine. That
is, the conventional starter motor is coupled with the flywheel and located at the rear of the engine, whereas
the conventional generator is located at the front of engine as shown in Figure 10.4, hence providing
high starting torque for cold cranking and generating electricity for battery charging, respectively. This
arrangement takes the advantage of simplicity, but suffers from poor utilization of both machines and
thus resulting in heavy weight and bulky size. In order to incorporate both functions in a single unit, the
development of ISG systems is a natural choice (Viorel et al., 2004; Walker et al., 2004).
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For the micro and mild hybrids, the ISG replaces both the conventional starter motor and generator.
It acts as a bidirectional electromechanical device, converting electrical energy to mechanical energy
and vice versa. When operating at the motoring mode, it can crank the engine almost soundlessly and
much faster than the conventional starter motor. When operating at the generation mode, it can generate
electricity with much higher efficiency than the conventional generator.

By mounting the ISG in the conventional location of the starter motor or generator to couple with the
flywheel and engine via the belt, it is so-called the belt-driven ISG system as shown in Figure 10.5. This
configuration is simple and inexpensive. No significant modifications are required for the conventional
vehicle chassis to accommodate this belt-driven ISG system. This allows the hybrids to be produced on
the same assembly line as the conventional vehicles, resulting in substantial cost savings and enabling the
automakers to flexibly adjust the production.

By directly mounting the ISG onto the crankshaft, the ISG rotor can serve as the flywheel inertia so that
the aforementioned flywheel coupled with the engine can be eliminated. As shown in Figure 10.6, this con-
figuration can offer direct control for both cranking and generation, and can avoid the belt-driven mech-
anism, hence reducing the construction cost and complexity. However, the corresponding ISG generally
needs additional weight of copper and iron, and can withstand severe vibration of the crankshaft. Greater
changes are required for the conventional vehicle chassis to accommodate this crankshaft ISG system.

10.3 ISG Machines

The electric machine is the core of the ISG system (Cai, 2004). Because of the fundamental drawback
of wear and tear of carbon brushes, the DC machine is no longer acceptable for modern ISG systems
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even though it has been widely used as the starter motor for automobiles. Among those viable brush-
less machines, the induction machine and permanent-magnet (PM) brushless machines, including the
PM brushless AC machine or commonly called the PM synchronous machine and the PM brushless DC
machines, are widely used for modern ISG systems.

The induction machine and PM synchronous machine are currently the main competitors for application
to ISG systems. The induction machine exhibits the advantages of low cost and high robustness, but needs
complicated control to provide wide speed generation. It suffers from the drawbacks of small air-gap,
limited efficiency, and cooling problem.

The PM synchronous machine offers the advantages of high efficiency and high power density, but
suffers from high PM cost and limited constant-power operation range. Because of the independent field
excitation in the rotor, the PM synchronous machine can be designed with a larger air-gap than the induc-
tion machine, which particularly facilitates mounting its rotor on the crankshaft where there are severe
vibrations and oscillations. However, since the PM rotor is coupled with the engine and thus exposed to
high temperatures, the thermal instability of PM material is a major concern.

Compared with the PM synchronous machine, the PM brushless DC machine can produce higher torque
density. Its drawbacks are basically the same, namely the high PM cost, limited constant-power operation
range, and thermal instability of PM rotor. Meanwhile, this PM brushless DC machine has a higher cog-
ging torque and larger torque ripple than the PM synchronous machine, which are the main concern for
ISG application.

The switched reluctance (SR) machine takes the definite advantages of low cost and high robustness, but
has the drawbacks of relatively lower efficiency and lower power density than the PM brushless machines.
As the rotor has no excitation, there is no problem of thermal instability. The corresponding low inertia
can enable fast response. Because of its robust rotor, the SR machine is particularly attractive for the
crankshaft ISG system (Viorel et al., 2004).

In order to strengthen the motor torque to assist the engine for fast acceleration and widen
the constant-power operation range, the PM synchronous machine can incorporate the concept of
double-stator single-rotor arrangement (Niu, Chau, and Jiang, 2008b; Niu, Chau, and Yu, 2009). The
resulting double-stator PM synchronous machine can inherit the merits of high efficiency and high power
density from the conventional PM synchronous machine while achieving high torque density and wide
constant-power operation range because of the feature of double stators. That is, both stators can interact
simultaneously with the same rotor to develop the high torque, while two sets of stator windings can be
electronically switched in such a way that the overall induced electromotive force (EMF) can be reduced
at high speeds to achieve wide constant-power operation range.

By incorporating the advantageous features of both the PM brushless DC machine and SR machine, the
doubly-salient permanent-magnet (DSPM) machine offers the merits of high efficiency, high power den-
sity, high robustness, and low inertia (Cheng et al., 2003; Chau et al., 2005). But, it still has the drawback
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of inflexible flux control. By replacing the PM materials with the DC field winding, the doubly-salient
DC (DSDC) machine can be derived from the DSPM machine (Chau, Cheng, and Chan, 2002). This
arrangement can solve the problem of uncontrollable PM flux and can offer the possibility to online opti-
mize the efficiency. However, it seriously deteriorates an important merit of PM brushless machines, high
power density. Consequently, by incorporating the DC field winding into the DSPM machine, the resulting
hybrid-excited DSPM machine can offer high efficiency, high power density, high robustness, low inertia,
and wide constant-power operation, which are highly desirable for ISG application (Chau et al., 2006).

10.4 ISG Operations

In general, the ISG system possesses five main operations, two of them are inherited from the conventional
vehicles —cranking and electricity generation, and the others are unique for the hybrids —idle stop-start,
regenerative braking, and power assistance.

10.4.1 Cranking

The ISG works as a starter motor spinning the engine to about 200 rpm in order to initiate the engine
operation under its own power. The cranking time is of very short duration, typically less than 2 seconds.
When adopting a 12-V battery, the cranking currents are 150—-185 and 185-200 A for the four-cylinder
and eight-cylinder engines, respectively.

10.4.2  Electricity Generation

The ISG serves as a generator that converts the mechanical energy of the spinning engine into electrical
energy for battery charging. When adopting a 12-V battery, the charging currents range from a few to
a hundred amperes, depending on the battery type, state-of-charge (SOC), and ambient temperature as
well as the maximum output current of the ISG and the speed of the engine. Typically, when adopting
the lead-acid battery or lithium-ion battery, the battery charging is accomplished in three stages: bulk,
absorption, and float. At the bulk stage, the charging current is only limited by the maximum output
current of the ISG so that the battery is rapidly charged at constant current. At the absorption stage, the
battery is charged at the constant voltage while the charging current is decreasing until the battery is
fully charged. At the float stage, a constant voltage is applied to the battery to compensate the battery
self-discharge so that it will maintain the full charge indefinitely.

10.4.3 Idle Stop-Start

In the idle stop-start operation mode, the ISG allows the engine to turn off and hence save fuel at stops,
and instantly restart the engine upon pressing of the accelerator pedal. Hence, it is also called the auto
start-stop mode of operation. This feature alone is estimated to enable the hybrids having 10-15% gain in
fuel economy over the conventional vehicles especially during urban driving. In addition to fuel saving,
this operation mode can significantly reduce the roadside emissions, which are particularly annoying and
detrimental to our health during traffic-light signaling and traffic jams.

Differing from normal engine cranking, the ISG can instantly restart the engine for idle stop-start,
typically less than 300 ms. There are various versions of idle stop-start mode of operation. For instance,
when the hybrid is approaching to stop in front of the traffic light, the idle stop-start process is scheduled
as follows:
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e In the case of automatic transmission, once the vehicle stops completely, the engine will be shut down
automatically after a few seconds. In the case of manual transmission, after a complete stop, if the shift
is in the “Neutral” position and the clutch pedal is released, the engine will then be shut down.

o After turning off the engine, the indicator light located in the instrument cluster will blink to signify
that the engine is off.

e In the case of automatic transmission, once depressing the accelerator pedal, the engine will be restarted
instantly. In the case of manual transmission, if the clutch pedal is pressed and the shift is in the “Drive”
or “Reverse” position, the engine will then be restarted.

o After restarting, the indicator light will turn off. The driver essentially should not notice the idle
stop-start process.

It should be noted that a large number of cars, including both hybrids and nonhybrids, in Europe now
feature the idle stop-start as a standard. Although drivers do have concerns on how many restarts that the
ISG system can handle, more than one million restarts can generally be guaranteed.

10.4.4 Regenerative Braking

In the regenerative braking mode of HEVs, the ISG works as a generator that captures the vehicle kinetic
energy and turns it into electricity to recharge the battery. That is, when releasing the accelerator pedal
or pressing the brake pedal, the regenerative braking torque is produced to slow down the vehicle. If the
desired braking torque is larger than the regenerative braking torque, the difference will be provided by
the mechanical brake. It should be noted that the regenerative braking can only slow down the vehicle,
and the mechanical braking is always necessary to fully stop the vehicle.

There are two standard regenerative braking strategies: the maximum-power regeneration and
good-pedal-feel regeneration. The former can produce the largest amount of regenerative braking power,
while the latter can emulate the comfortable feeling of mechanical braking.

Firstly, the control strategy for maximizing the regenerative braking power (Jung et al., 2010) is
depicted in Figure 10.7. After collecting all necessary input data from the brake pedal, battery, motor,
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Figure 10.7 Regenerative braking control strategy
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and transmission, the controller decides whether regenerative braking should be performed. For instance,
if the battery SOC is too high, the regenerative braking will not be activated; otherwise, it may damage
the battery. If the regenerative braking goes ahead, the controller will calculate the optimal regenerative
braking according to the battery SOC and motor speed. In case of torque fluctuation during the regenera-
tive braking process, the time-delay compensation control will be activated to minimize the fluctuation.
Consequently, the difference between the brake command and the regenerative braking torque will be
equal to the mechanical braking torque. These two braking torques are modified at each time step in
response to the changing input data. In this control strategy, the regenerative braking torque provides an
abnormal pedal feel. When the need for mechanical braking arises, there is a drastic change in the brake
master cylinder pressure, which may mislead the driver’s brake command. Thus, this maximum-power
regenerative braking may create a serious safety problem.

Secondly, the use of good-pedal-feel regenerative braking can solve the abnormal pedal sensation
(Bracken and Selker, 2013). In this control strategy, the regenerative braking is applied only after the
wheel cylinder pressures become stable. Thus, the brake master cylinder pressure will not change signif-
icantly. However, this good-pedal-feel regeneration strategy suffers from about 10% drop in regenerative
power as compared with the maximum-power regeneration strategy. Nevertheless, it is unacceptable to
trade power regeneration for safety.

The coordinated regenerative braking control strategy, which combines the merits of maximum-power
regeneration and good-pedal-feel regeneration, is attractive (Zhang et al., 2012). In this strategy, the regen-
erative braking is combined with the hydraulic braking to emulate the normal braking feel. That is, the
pressure in the wheel cylinder is gradually increased while the regenerative braking torque provides the
difference to meet the brake command. If the brake command is above the threshold, the regenerative
braking is maximized and the hydraulic braking fluid is pumped into the accumulator. It will be pumped
back if the brake command exceeds the maximum regenerative braking torque. Hence, it can maximize
the power regeneration while maintaining a uniform pedal feel.

10.4.5 Power Assistance

The ISG works as a motor that can provide additional power to assist the engine for fast acceleration.
For instance, the ISG can instantly boost up the propulsive power for the vehicle to perform launching,
hill-climbing, or overtaking. Meanwhile, this assistance can also be used to downsize the engine without
reducing the performance.

10.5 Design Criteria of ISG Systems

The design of ISG systems is challenging as it needs to offer a wide variety of functions, namely cranking,
electricity generation, idle stop-start, regenerative braking, and power assistance. Meanwhile, it needs to
closely work with the engine where the working environment is harsh, namely severe vibration and high
temperature. The design criteria of ISG systems are summarized as follows:

e The starting torque should be able to achieve three to four times the rated torque in order to satisfy the
cranking requirement.

e It needs to have a long service life, over a million times of idle stop-start in 10 years.

e The constant-power operation range should be able to achieve three to four times the base speed in
order to facilitate wide speed electricity generation for battery charging.

e The regenerative braking should be energy-efficient, over 60% of the braking energy.

e [t should be able to offer high torque at speeds below the base speed for power assistance.

e It should be able to offer high efficiency of over 85%, covering wide ranges of torques and speeds.
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It should be able to withstand working vibrations up to 20 g.

It should be able to work well over a wide range of temperatures, from —30 to 120 °C.
It should offer good serviceability and zero maintenance for ISG machines.

The system cost should be acceptable.

The ISG system is mainly composed of two components — the ISG machine and ISG converter. Between
them, the ISG machine plays the key role to satisfy the above-mentioned criteria, while the ISG converter
serves to regulate the bidirectional power flow within the ISG system. Thus, the design criteria of the ISG
machine essentially coincide with the system design criteria, while following additional design criteria of
individual machines.

10.6 Design Examples of ISG Systems

There are various ISG systems when adopting various ISG machines. Two recently developed ISG sys-
tems, namely based on the double-stator PM synchronous machine and hybrid-excited DSPM machine,
are elaborated.

10.6.1 Double-Stator PM Synchronous Machine-Based ISG System

The double-stator PM synchronous machine is one of the most promising candidates to work as an ISG
for HEVs, especially the mild hybrids (Niu, Chau, and Jiang, 2008a). The configuration and structure
of this ISG machine are shown in Figure 10.8 in which there are two concentric stators with two sets
of three-phase armature windings wounded on 24 slots, and one cup-rotor with 22 pieces of PMs sepa-
rately mounted on the inner and outer surfaces. Two winding arrangements, three-phase single-layer and
three-phase double-layer, can be adopted in both the inner and outer stators as shown in Figure 10.9. In
general, the double-layer winding arrangement can produce more sinusoidal back EMF waveforms than
the single-layer winding arrangement.

This double-stator PM synchronous machine possesses the following distinct features for ISG
operation:

e The use of double stators functions to significantly increase the torque density for cranking, and pro-
vides versatile connection modes for generation over a wide speed range.

e The rotor core is designed like a cup with PMs. This cup-rotor can effectively shorten the magnetic
circuit path and hence reduce the iron core, thus improving the torque density.

e Because the permeability of PMs is similar to that of air, the mutual inductance between the inner and
outer stators is negligible, hence improving the controllability.

e Since the coil span of stator windings is designed to have one slot pitch, the phase flux paths are essen-
tially independent. In this sense, the mutual inductance of phase windings is negligible, hence further
improving the controllability.

e Since the machine has 24 slots in each stator and 22 poles totally, the slot pitch is 11/12 of the pole
pitch. This fractional number of slots per pole per phase can significantly reduce the cogging torque
that usually occurs in PM synchronous machines.

e The multipole structure can shorten the magnetic circuit path, while the one-slot-pitch coil span wind-
ing arrangement can shorten the end-winding, thus improving the utilization of both iron and copper
materials, and hence the torque density.

The double-stator PM synchronous machine can be considered as a combination of two machines: a
single-stator inner-rotor machine and a single-stator outer-rotor machine (Wang et al., 2011). These two
machines have essentially the same armature diameter and two rotors are fused to form a single rotor,
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Figure 10.8 Double-stator PM synchronous machine: (a) configuration and (b) structure

hence reducing the yoke of rotors. The main magnetic circuits of this double-stator PM synchronous
machine as well as the traditional single-stator inner-rotor PM synchronous machine and the traditional
single-stator outer-rotor PM synchronous machine are depicted in Figure 10.10, where F is the inner-rotor
PM magnetomotive force (MMF), F, is the outer-rotor PM MMF, R, is the magnetic reluctance of the
outer-stator iron core, R’1 is the magnetic reluctance of the inner-stator iron core, R, is the magnetic
reluctance of the outer air-gap and PM, R), is the magnetic reluctance of the inner air-gap and PM, Rj is
the magnetic reluctance of the radial rotor iron core, and R, is the magnetic reluctance of the rotor yoke
in the single-stator machine. It can be found that the double-stator configuration can effectively shorten
the magnetic circuit path and hence improve the utilization of iron material.

The principle of operation of this double-stator PM synchronous machine is similar to that of the
conventional PM synchronous machine, while providing additional operation modes. When the ISG is
required to provide high starting torque for cranking, the double-stator windings are arranged in such a
way that the same phases are connected in series. When the ISG is required to provide wide constant-power
operation range, namely the requirement of constant output voltage over a wide range of speeds for battery
charging, the double-stator windings are flexibly connected to vary the resultant EMF.
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Figure 10.9 Winding arrangements of double-stator PM synchronous machine: (a) single-layer winding and
(b) double-layer winding

When there is a spatial angle of 20° between the two stators, it yields six possible ways to connect the
two sets of three-phase windings. As shown in Figure 10.11, different composite vectors can be generated
by using different winding connections. When the machine speed w is below its base speed w,,, the same
phases (for instance, E, and E,) are connected in series to form E|, the so-called Mode 1 of operation.
Between w,, and 1.2w,, the adjacent antiphases are connected in series to form E,, the so-called Mode 2.
Similarly, between 1.2w,, and 1.5w,,, E5 is formed for Mode 3. Then, between 1.5, and 2w, the adjacent
phases are connected in series to form E, for Mode 4. Similarly, between 2w, and 3w, Es is formed in
Mode 5. Finally, between 3w,, and 6w,,, the same antiphases are connected in series to form E, for Mode 6.
On the basis of the corresponding vector diagrams, it can be deduced that E| ~ 6E,, E, = SEg, E; =~ 4E;,
E, ~ 3E, and E5 ~ 2E;, indicating that the generated EMF can be discretely tuned in terms of E4. For
further fine tuning or with speed beyond 6w,,, the conventional flux-weakening control can be employed
to adjust the output voltage.

In order to enable flexible connections between the two sets of three-phase armature windings, a matrix
of power switches can be utilized as shown in Figure 10.12. The switching combinations of the afore-
mentioned six modes of operation are tabulated in Table 10.1. For instance, the switches Sy, Sy,, and S,
are turned on while the others are off when the machine operates in the Mode 1 with w < w,,. With a very
wide range of speeds, the machine can experience all six modes of operation.

The key design data of this double-stator PM synchronous machine are listed in Table 10.2. The corre-
sponding generated output voltage waveforms at the six modes of operation are shown in Figure 10.13. It
can be found that the magnitude of these output voltages can be maintained almost constant over a speed
range of six times the base speed, from 800 to 4800 rpm.

10.6.2  Hybrid-Excited Doubly-Salient PM Machine-Based ISG System

The hybrid-excited DSPM machine is also one of the most promising candidates to work as an ISG for the
mild hybrids (Liu, Chau, and Jiang, 2010). The configuration and structure of this machine are shown in
Figure 10.14, which is an outer-rotor machine. It has a doubly-salient structure with 36 salient poles in the
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Figure 10.10 Magnetic circuits of PM synchronous machines: (a) double-stator, (b) single-stator inner-rotor,

and (c) single-stator outer-rotor

stator and 24 salient poles in the rotor. It incorporates the armature winding, PMs, and DC field winding
in the stator, while the rotor is simply salient iron core. Meanwhile, the stator adopts a two-layer structure:
the outer-layer stator accommodates the armature winding and the inner-layer stator accommodates both
the PMs and DC field winding. The armature winding employs a fractional-slot concentrated winding
arrangement, whereas the DC field winding uses a simple DC winding arrangement. Moreover, there is
a pair of iron bridges in shunt with each PM pole. With this unique structure, this ISG system offers the

following distinct advantages:

e By tuning the magnitude and direction of the DC field current, the machine can flexibly regulate the
air-gap flux. Hence, with flux strengthening, it can instantaneously provide high starting torque for
cranking and boosting torque for hill-climbing or overtaking. In addition, with online flux control,
the machine can maintain constant generated voltage for battery charging over wide ranges of speeds

and loads.

e The outer-rotor topology can enable full utilization of the space of inner stator (the part beneath the
armature winding) to accommodate both the PMs and DC field winding, hence improving the power
density. Also, since both the PMs and DC field winding are embraced by the rotor, the problem of flux

leakage can be minimized.
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Figure 10.11 Winding connections and vector diagrams of double-stator PM synchronous machine:
(a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, and (f) Mode 6
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Figure 10.12 Winding connection control of double-stator PM synchronous machine

Table 10.1 Switching combinations in different operation modes of
double-stator PM synchronous machine

Mode 1 2 3 4 5 6

Turn-on switching Syi A Sy Sy Sy Su
Sy Sg Sgs Sy Sy Sg
Sz S Sei Sz Sy Scs

Table 10.2 Key design data of double-stator PM
synchronous machine

Rated power 4kW
Rated speed 800 rpm
Rated phase voltage 100V
Number of phases 3
Number of PM poles 22
Number of inner-stator slots 24
Number of outer-stator slots 24
Inner-stator inside diameter 92 mm
Inner-stator outside diameter 165 mm
Outer-stator inside diameter 191 mm
Outer-stator outside diameter 245 mm
Stack length 50 mm

Air-gap length 0.6 mm
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Figure 10.13 Generated output voltage of double-stator PM synchronous machine in different modes at dif-
ferent speeds: (a) 800 rpm, (b) 960 rpm, (c¢) 1200 rpm, (d) 1600 rpm, (e) 2400 rpm, and (f) 4800 rpm

e Since the rotor does not involve any windings or PMs, it can provide high mechanical integrity, which

is essential to handle the high starting torque during cranking.

e The iron bridge functions to suppress the PM flux leakage via the inner-stator iron core, and amplify
the effect of flux weakening when the field MMF is opposing the PM flux.

e The fractional-slot armature winding can shorten the magnetic flux path and the span of end-windings,
which leads to reduce the use of both iron and copper materials, thus further improving the torque den-
sity. In addition, this multipole concentrated winding arrangement can significantly reduce the cogging
torque, which usually occurs in conventional PM brushless machines.

To illustrate the ability and the range of controllable flux, an equivalent magnetic circuit of the
hybrid-excited DSPM machine at the no-load condition is shown in Figure 10.15, where Rp); is the PM
reluctance, R, is the iron-bridge reluctance, R, is the air-gap reluctance, Fp is the DC field winding
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MMF, and Fp); is the PM MMF. Hence, it yields two design equations:
F, % R
_be+ [ Tty /<ﬂ+1> (10.1)
Foum L R,

@=<1—&>/<Iﬂ+1> (10.2)
Fpy L R,
where v, is the air-gap flux at Fpc = 0; Fpc_ and y,_ are under flux weakening; and Fi,c, and y,, are
under flux strengthening. Given the air-gap flux ranges of (v, /w,o) = 3 and (y,_/w,,) = 1/3, the rela-
tionship between (Rpy;/R;,), (Fpe_ /Fpy)s and (Fpe, /Fpyy) can be obtained from Egs. (10.1) and (10.2) as
listed in Table 10.3. When selecting (Rpy;/R,,) = 7, it results in (Fpe_ = Fpy/12) and (Fpey = Fpy/4),
indicating that the DC field winding excitation needs only 8.3% of the PM excitation for flux weakening
and 25% of the PM excitation for flux strengthening to achieve nine times change of air-gap flux.
Figure 10.16 illustrates the operating waveforms of this hybrid-excited DSPM machine. It is similar to
those of the DSPM machine except that the air-gap flux linkages y,, w3, and y - are controllable, which
are composed of the PM flux linkage yp), component and the DC field flux linkage yp, component.
Consequently, the electromagnetic torque 7, of this machine consists of three components: the PM torque
component Ty, which is due to the interaction between the PM flux linkage and the armature phase
current i; the DC field torque component Tp,, which is due to the interaction between the DC field flux
linkage and the armature phase current; and the reluctance torque component 7,, which is due to the
variation of the winding inductance L. Mathematically, it is given by

Awpy  dwpe 1 ,dL
Te:TPM+TDC+Tr:l dr 17 EIE

(10.3)

The PM torque component actually dominates the torque production, whereas the reluctance torque com-
ponent is minor and pulsating with zero average value. Thus, when the flux linkage increases with the
rotor position, a positive armature current is applied, hence resulting in a positive torque. When the flux
linkage decreases, a negative armature current is applied, also resulting in a positive torque. Meanwhile,
the bidirectional DC field current is used to tune the DC field flux linkage and hence the DC field torque
component according to various ISG operation modes.

Table 10.3 Selection of reluctance ratios of hybrid-excited

DSPM machine

(Rpm/Ry,) (Fpe—/Fen) (Fpes/Fen)
10 2/33 2/11
9 1/15 1/5
8 2/27 2/9
7 1/12 1/4
6 2/21 2/7
5 1/9 1/3
4 2/15 2/5
3 1/6 172
2 2/9 2/3
1 1/3 1
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Figure 10.16 Operating waveforms of hybrid-excited DSPM machine

According to different ISG operation modes, the hybrid-excited DSPM machine works in the following
ways:

e When the ISG works at the cranking mode, this machine acts as a motor. A temporary positive DC field
current is applied to instantaneously strengthen the air-gap flux, hence achieving a high starting torque
for engine cranking.

e When the ISG runs at the electricity generation mode, this machine serves as a generator. A positive
or negative DC field current is applied to strengthen or weaken the air-gap flux, hence producing a
constant output voltage for battery charging.

e When the ISG operates in the power assistance mode, this machine also acts as a motor. A short-term
positive DC field current is applied to strengthen the air-gap flux, leading to providing a supplementary
torque for boosting the driving torque.

By using finite element analysis, both the flux-strengthening and flux-weakening effects of this machine
can be visualized as shown in Figure 10.17. It can be seen that when applying a positive DC field current,
the PM flux is reinforced by the DC field flux, hence strengthening the air-gap flux. When applying a
negative DC field current, the air-gap flux is effectively weakened. It can also be observed that the iron
bridge can avoid PM flux leakage during flux strengthening while amplifying the effect of flux weakening
when the DC field flux is opposing the PM flux.

The key design data of this hybrid-excited DSPM machine are listed in Table 10.4. The corresponding
steady-state torque waveforms with and without flux strengthening are shown in Figure 10.18. It can
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Figure 10.17 Magnetic field distributions of hybrid-excited DSPM machine: (a) positive DC field current and

(b) negative DC field current

Table 10.4 Key design data of hybrid-excited

DSPM machine
Rated power 2.5kW
Rated speed 1200 rpm
Rated phase voltage 100V
Number of phases 3
Number of stator poles 36
Number of rotor poles 24
Number of PM poles 6
Rotor outside diameter 270 mm
Rotor inside diameter 221.2mm
Stator outside diameter 220 mm
Stator inside diameter 40 mm
Stack length 80 mm
Air-gap length 0.6 mm
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Figure 10.18 Steady-state torque waveforms of hybrid-excited DSPM machine with and without flux
strengthening
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Figure 10.19 No-load EMF waveforms of hybrid-excited DSPM machine: (a) without flux control and
(b) with flux control

be found that under the same starting current, the developed average torque under flux strengthening
(Fpc = +1000 A-turns) is about three times that without flux control (F, = 0 A-turns). Hence, it verifies
that this machine can utilize its unique flux strengthening to significantly improve the starting torque for
engine cranking. On the other hand, when the machine runs at speeds below, equal to, and above the base
speed (400, 1200, and 3600 rpm, respectively), the corresponding no-load EMF waveforms without and
with flux control are simulated as shown in Figure 10.19. It can be found that the voltage amplitude varies
significantly with the machine speed in the absence of flux control. With the use of flux control (flux
strengthening at 400 rpm and flux weakening at 3600 rpm), the machine can maintain an almost constant
output voltage, which is highly desirable to offer effective battery charging throughout a wide speed range
of the machine.

10.7 Application Examples of ISG Systems in HEVs

Continental AG, a Germany-based automotive systems supplier, commenced the development of
its integrated-starter-alternator-damper (ISAD) system in 1996. This ISAD system is an induction
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machine-based crankshaft ISG system in which the rotor serves as a flywheel mounted on the crankshaft
between the engine and transmission (Hills, 2001). It not only offers the functions of the starter motor and
generator, but also the damper function to stabilize the vibrations and oscillations of the whole drivetrain.
In addition, it provides the functions of idle stop-start, regenerative braking, and power assistance, which
are all essential for HEVs. The ISAD system went into series production in 2003, and was subsequently
installed in both General Motors Company (GMC) Sierra and Chevrolet Silverado mild hybrids.

The ZF-Sachs’ DynaStart is a representative crankshaft ISG system based on the PM synchronous
machine. It is available with an internal or external rotor. Its design features are large diameter and
short axial length, hence producing high torque and facilitating the requirements for powertrain integra-
tion. In contrast to conventional machines, the DynaStart adopts automatically wound coils on specially
formed laminated cores. This design allows for cost-effective production. Its product range covers both
passenger cars and commercial vehicles. The corresponding DynaStart SG325 can offer the maximum
starting torque of 210 N m and maximum speed of 6500 rpm (ZF, 2014). This ISG system has been pro-
duced for standard applications since 2008. The first example for its production application in cars is the
Mercedes-Benz S-400 hybrid.

Honda’s in-house developed ISG technology is dubbed the integrated-motor-assist (IMA) system and
was first introduced to the Insight hybrid in 1999. This IMA is based on the PM brushless DC machine
that is mounted between the engine and transmission to act as a starter motor for cranking, a generator for
regenerative braking, an engine balancer to counterbalance the vibrations in the engine, and an assistant
traction motor to assist the engine whenever necessary. The IMA is designed with high torque character-
istics at low speeds, which is particularly helpful to assist the engine for low-speed acceleration. It can
contribute up to 10kW at 1500 rpm and 78 N'm at 1000 rpm to the powertrain (Honda, 2014). While the
IMA can serve for the idle stop-start mode, a conventional 12-V starter motor is also present, which kicks
in and starts the engine when the IMA battery temperature and SOC are below a predefined value. Cur-
rently, the IMA has been applied to different models of HEVs, including the Honda Insight, Honda Civic
Hybrid, Honda Accord Hybrid, Honda CR-Z, and Acura ILX Hybrid.

10.8 Matured Technology for HEVs?

HEVs are on the transportation scene as an effective way to meet the increasing challenges of fuel econ-
omy and tailpipe emissions. Technical and business considerations continually drive HEV's to be improved
day by day. In recent years, there has been a consensus that HEVs, especially the micro and mild hybrids,
can present an economically viable solution for the manufacture of low-consumption low-exhaust vehicles
in large production volumes. As the ISG system is the core technology for micro and mild hybrids, the cor-
responding research and development have been fast and encouraging. In fact, the induction machine or
PM brushless machine-based ISG systems are becoming mature for mass production, which can further
reduce the manufacturing cost. Nevertheless, the ISG system, especially the ISG machine technology,
needs to be further developed to improve the starting torque, constant-power operation, motoring and
braking efficiencies, robustness, and service life.
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11

Planetary-Geared Electric Variable
Transmission Systems

While the micro and mild hybrids take the advantages of using the integrated-starter-generator to offer
some hybrid features, the full hybrid can provide all hybrid features and thereby achieve the highest fuel
economy. The key technology of the full hybrid is the electric variable transmission (EVT) system, also
called the electronic-continuously variable transmission system. Since the introduction of the first EVT
system in 1997, there have been many derivatives developed by different automakers. Essentially, most
of them are based on the use of planetary gearing to perform power-split, hence achieving EVT.

In this chapter, various planetary-geared electric variable transmission (PG EVT) systems for the
full hybrids, including the system configurations and planetary gears as well as the input-split and
compound-split planetary-geared (PG) types, are discussed. The corresponding design criteria, design
example, and application examples are also presented.

11.1 System Configurations

The PG EVT system functions to offer electrically controllable power transfer from the engine to the
wheels with continuously variable transmission—seamless torque transfer and smooth gear changing.
This PG EVT system can generally be categorized into the input-split and compound-split types (Miller,
2006; Chau and Chan, 2007; Wang, Cheng, and Chau, 2009).

First, the general configuration of the input-split PG EVT system is shown in Figure 11.1, which is com-
posed of a power-split device, two machines, an energy storage device, and a final drive. The key element
is the power-split device, actually a planetary gear, which serves to split the engine power into two paths:
one is a mechanical path from the engine to the wheels via the power-split device and final drive; another
is an electrical path from the engine to the wheels via the power-split device, machine 1, machine 2, and
final drive. An energy storage device is generally present between the machine 1 and machine 2 to serve
as a power buffer, which can be a battery or an ultracapacitor. The battery takes the advantage of higher
specific energy that facilitates larger energy storage capacity, whereas the ultracapacitor has the merit of
higher specific power that favors handling of higher instantaneous power (Chau, Wong, and Chan, 2003).
Two renowned input-split PG EVT systems are the Toyota and Ford systems.

Second, the general configuration of the compound-split PG EVT system is shown in Figure 11.2.
Differing from the input-split counterpart, the compound-split configuration involves two power-split
devices: one located at the input and another located at the output. Because of its four-port nature, it can
offer two modes of operation under variable structure control. In general, two-mode operation can improve

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 11.1 Input-split PG EVT system configuration
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Figure 11.2 Compound-split PG EVT system configuration

the vehicular performance and fuel economy. Basically, in one mode, the compound-split system resem-
bles the input-split system with output gearing. That is, the power-split device at the input serves for torque
differential and the power-split device at the output serves as a torque multiplier. In another mode, the
compound-split system operates both the input and output power-split devices serving for torque differ-
ential. There are three well-known compound-split PG-EVT systems: the GM-Allison (General Motors),
Timken, and Renault systems.

11.2 Planetary Gears

The planetary gear, also called epicyclic gear, is the core of PG EVT systems. It consists of one or more
planet gears revolving about a sun gear. The more the planets in the gear, the greater the load capability
and the higher the torque density are resulted. The planet gears are mounted on a movable arm, called
carrier, which can rotate relative to the sun gear. It also incorporates an outer ring gear to mesh with the
planet gears. As shown in Figure 11.3, there are totally three shaft axes: the sun gear axis, ring gear axis,
and planet carrier axis, all of them are usually coaxial. Among these three shafts, any one of them can be
considered as the input or output. Thus, it can work as a two-input single-output or single-input two-output
mechanical system.

Compared with the traditional parallel-axis gear, the planetary gear possesses the following advantages:

Higher power density and higher torque density
Higher power transmission efficiency

Larger reduction ratio in a given volume

Multiple kinematic combinations with coaxial shafting
Better load distribution and greater stability
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However, the corresponding disadvantages are larger bearing loads and higher design complexity. Because
of the unique feature of multiple kinematic combinations with coaxial shafting, it is the key device to
perform the desired power-split for EVT.

A schematic of a planetary gear having four planet gears is shown in Figure 11.4, which is used to
derive the speed relationship inside the planetary gear (Mi, Masrur, and Gao, 2011). First, the tangential
speed v and angular speed w of a gear are related by v = rw, where r is its radius. When two gears are
coupled, they must have the same tangential speeds at the contact point. Hence, the speed relationship of
two coupled gears is governed by

n_ o
- == (11.1)
R o
where w,; and w, are their angular speeds and r, and r, are their radii. Meanwhile, the tooth pitch p and
tooth number N of each gear are related by 2zr = pN. When two gears are coupled, they must move with

the same tooth pitches. Hence, the tooth relationship of two coupled gears is given by
n_N
L= (11.2)
oo N

where N and N, are their tooth numbers.

For the planetary gear, there are two main points of contact: X and Y. The point X lies between a planet
gear and the sun gear, whereas the point Y lies between that planet gear and the ring gear. Thus, the
tangential speed at point X, vy, can be written as

Vy = @F (11.3)
Vx = @,1, — O, (11.4)

where o, w,, and w, are the angular speeds of the sun gear, planet gear, and carrier, respectively, and r,,
r,, and r, are their respective radii. Similarly, the tangential speed at point Y, vy, can be expressed as

Vy = ,1, (11.5)
Vy = 0,1, + 0.1, (11.6)

Eliminating vy and vy can reduce Eqs. (11.3)—(11.6) as
WgFg = W,1, = O.F, L7

O,F, = W,F, + I, (11.8)
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Figure 11.4 Planetary gear schematic: (a) model and (b) symbols

(b)

Then, further eliminating w, can deduce the following relationship:
®,1,. = ot + 20,71, (11.9)
On the other hand, the radius relationships inside the planetary gear are given by
r,=r.+r, (11.10)
re=r 40, (11.11)
Eliminating r,, can deduce the following relationship:
re=(r,+r)/2 (11.12)
Substituting Eq. (11.12) into Eq. (11.9) results in

w,r, = (r,+r.)+or, (11.13)
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In order to unify all rotational directions as positive for clockwise rotation and negative for anticlockwise
rotation, Eq. (11.13) can be generally rewritten as

o, 1. =0 (r,+71,)—or, (11.14)

On the basis of Eq. (11.2), the speed relationships of the planetary gear given by Eq. (11.14) can be
obtained as
o, =1 +p) o, - po, (11.15)

where p is the planetary gear ratio defined as

N,
=L 11.16
p N, ( )

11.3 Input-Split PG EVT Systems

There are two main input-split PG EVT systems: one was developed by Toyota for its Prius HEV (hybrid
electric vehicle); another was developed by Ford for its Escape HEV. In order to properly assess their speed
and torque relationships, their system dynamical equations need to be formulated. Detailed derivations of
their system dynamics can be found in Miller and Everett (2005) and Miller (2010).

11.3.1 Toyota Hybrid System

The turning point of HEV development was the advent of Toyota Prius in 1997, which introduced the
first PG EVT system (Sasaki, 1998). Figure 11.5 shows the basic configuration of Toyota hybrid system
(THS). It is a well-known PG EVT system, which mainly consists of a planetary gear, a battery pack,
the machine 1 (normally operating as a generator), the converter 1 (normally operating as a controlled
rectifier), the machine 2 (normally operating as a motor), and the converter 2 (normally operating as an
inverter). In this system, the planetary gear set plays a key role to split the engine power into two paths of
power flow: mechanical and electrical. On the one hand, the mechanical power produced by the engine is
transferred to the driveline via the ring gear. On the other hand, the sun gear is attached to the machine 1,
which converts a portion of the engine power to electrical power so that it can be used to feed the machine

Wheel
Ring
Engi“c Planet
O0O0 SQun ™ Machinel Machine2
Planet
Ring
Converterl | | Converter2 | Wheel

— Battery

Figure 11.5 Toyota hybrid system
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Figure 11.6 Toyota hybrid system model

2 to drive the driveline. The converter 1 and converter 2 work with the battery pack to buffer the electrical
power transfer between the machine 1 and machine 2. If the desired vehicle power is greater than the
engine power, the battery will release electrical power to supplement the engine power; otherwise, the
battery will store the excessive engine power.

The model of the THS is shown in Figure 11.6, where the engine speed, inertia, and torque are denoted
as o,, J,, and T,, respectively; the generator speed, inertia, and torque are denoted as w,, J,, and T,,
respectively; the motor speed, inertia, and torque are denoted as w,,, J,,, and 7,,, respectively; the driveline
speed, inertia, and torque are denoted as w,, J,;, and T, respectively; the axle speed, inertia, and torque
are denoted as w,, J ,, and T, respectively; the ring gear, carrier, and sun gear inertias are denoted as J,, J,
and J, respectively; the carrier-to-sun and ring-to-sun gear ratios are denoted as G, and G, respectively;
and the axle-to-driveline gear ratio is denoted as G,4. In the absence of clutch, the planetary gear runs with
the vehicle in motion.

On the basis of Jourdain’s principle, the torque relationships of the planetary gears can be described as

T, =+ pT, (11.17)
T, = MT,, (11.18)
p
1
T, =-T, (11.19)
p

where T, T, and T, are the torques of the carrier, sun gear, and ring gear, respectively.

In order to simplify the derivation, all inertias are referred to the three shafts of the planetary gear.
The referred generator inertia, referred engine inertia, and referred motor inertia can respectively be
expressed as

Jo=J, 4 (11.20)
T,=J,+J.+G.J, (11.21)
! 2 7/ J!t

Jy=J, 1+ G+ T, + o (11.22)

ad

Hence, the dynamical equations at the engine and motor shafts are given by

,dw, , dw,

I =T, = G T, = Goy—* (11.23)
d dw

J,’n% =T, =T, = GuT, = Gl —* (11.24)
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As the ring gear, carrier, and sun gear are directly coupled with the motor, engine, and generator, respec-
tively, their speed relationships given by Eq. (11.15) can be rewritten as

w,=(1+p) o, - po, (11.25)
which can also be expressed as
w, =G,o, + G o, (11.26)
G,=1+p (11.27)
G, =—p (11.28)

Substituting Eq. (11.26) into Egs. (11.23) and (11.24), the dynamical equations at the engine and motor
shafts are reduced as given by

g 90 _p _gop g 4O (11.29)
e g e cstg 2z
dw,, dow,

Tua = Ty = Ty = G Ty = Iy = (11.30)

where the equivalent lumped inertias are given by

Joo = I+ GLJ, (11.31)
Jno =I5+ G} (11.32)
Ty = GG} (11.33)

Hence, the generator and driveline torques can be obtained as

7= L (7 g 2@ _; 4o (11.34)

£ G\ T dr TR ar '

=1, = Sng o (Goy g Y2 Gy ) 11.35

d— m_G_ e+ G_eo_go dt+ G_go_ mo 7 ( . )
cs cs cs

Equation (11.35) represents the final driving torque of this input-split PG EVT system and must be equal
to the road load. At steady state, all the system dynamics become zero so that the steady-state generator
torque and driveline torque are given by

T =—T, (11.36)
& G, ¢
cs
7 =1 o (11.37)
d=1tm~— e .
G,

Substituting Eqgs. (11.27) and (11.28) into Egs. (11.36) and (11.37), the corresponding steady-state
torques become

1
7 =L 71 11.38
£ (+p © ( )
T,=T, +—>— (11.39)

T,
(I+p ¢
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This input-split PG EVT mainly offers four operating modes: electric launch, cruising, acceleration,
and regenerative braking:

e Electric launch: The engine is turned off to avoid operating at low efficiency. As depicted in Figure 11.7,
the driveline torque is only contributed by the motor, which is powered by the battery. Hence, substi-
tuting 7, = 0 into Eq. (11.39) yields

T,=T, (11.40)

e Cruising: Since the desired vehicle power is low, the engine power is split in such a way that the
excessive engine power can be stored in the battery as depicted in Figure 11.8. The motor is turned off
and the driveline torque is contributed by the engine via the ring gear only. Hence, substituting 7,, = 0

in Eq. (11.39) yields )

T,= T,
(I+p)

e Acceleration: Since the desired vehicle power is high, the battery releases electrical power to supple-
ment the engine power as depicted in Figure 11.9. Both the engine and motor contribute to the driveline
torque as given by Eq. (11.39).

e Regenerative braking: The engine is turned off and the motor operates as a generator to produce a
braking torque, which converts the braking energy into electrical energy to recharge the battery as
depicted in Figure 11.10. Hence, substituting 7, = 0 in Eq. (11.39), the driveline torque becomes a
negative motor torque as given by

(11.41)

T,=-T, (11.42)
Wheel
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Figure 11.7 Electric launch mode
T, Wheel
- 7
Ring =
Engine T, Planet | - T,
O O O =& sun P Machinel | | Machine2 14
Ta=0
Planct Y
Ring
ICnnveﬂerll |C0r|ver'(er2| Wheel

Figure 11.8 Cruising mode
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Figure 11.10 Regenerative braking mode

During normal operation with power-split, the control strategy is to enable the engine always work-
ing at the optimal operation line (OOL). Figure 11.11 shows a typical OOL of an engine in which the
optimization is based on the minimum fuel consumption or maximum fuel economy. Given the vehicle
driveline speed and demanded output power, the engine operating point (7,, w,) can be deduced accord-
ing to the OOL of its fuel consumption characteristics. On the basis of the driveline speed and engine
speed, the required generator speed can be determined by using Eq. (11.25). This generator speed can be
regulated by controlling its output power drawn by the associated converter. Then, the motor torque can
be deduced by subtracting the engine torque at the ring gear from the demanded vehicle torque demand.
By controlling the power taken by the generator and then feeding it back into the motor via the DC-link
and battery, the engine speed can be maintained constant when the driveline speed is varying. Hence, a
continuously variable ratio between the engine speed and wheel speed can be achieved.

The key advantages of this input-split PG EVT system for HEVs are summarized as follows:

e Because of the absence of clutches or shifting gears, it can significantly improve the transmission effi-
ciency and reduce the overall size, hence increasing both the energy efficiency and power density.

e In the presence of continuously variable ratio between the engine speed and wheel speed, the engine
can always operate at its most energy-efficient or OOL, hence resulting in considerable reduction of

fuel consumption.

e The system can offer the idle stop-start feature (the engine is completely shut down when the vehi-
cle is stopped and instantly cranked once the vehicle is launched), thus significantly reducing fuel

consumption.
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Figure 11.11 Optimal operation line of engine

e [t can offer the electric launch feature (the motor provides all necessary torque required to put the
vehicle in motion), thus significantly improving the start-up response time while avoiding the engine
operating at very low efficiency.

e The system can fully enable regenerative braking when the vehicle is slowing or downhill coasting,
hence further improving the fuel economy.

e The system facilitates full-throttle acceleration, where both the engine and motor operate simultane-
ously to provide the required power demand.

11.3.2 Ford Hybrid System

As shown in Figure 11.12, the Ford hybrid system (FHS) is another well-known input-split PG EVT.
Similar to the THS, the FHS consists of a planetary gear, a motor, a generator, a battery pack, a con-
trolled rectifier, and an inverter to perform the desired power-split. In addition, it incorporates output
gearing between the motor and final drive. This output torque multiplier is generally in the form of
spur gears.

The model of this FHS is shown in Figure 11.13 in which G,,, G5, and G,; are the additional gear
ratios of output gearing. Similar to the previous derivation, all inertias are first referred to the three shafts
of the planetary gear. The referred generator inertia, referred engine inertia, and referred motor inertia are
given by

(A
To=T,+1J, (11.43)
Jy=J,+ 7.+ G, (11.44)
I = G.J, +G3G.J + G 1o 11.45
Ty =J+ Gy, + GG Ty + Gy + ==, (11.45)

a
Gad
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Consequently, the dynamical equations at the engine and motor shafts can be expressed as

,do, , da)g

Jemgqr =T = Oaly = Gudegr (11.46)
, dw,, ’da)g

I =T = Only = GG Ty = G GesGraly— = (11.47)

The generator speed can be expressed in terms of the engine speed and motor speed as given by
v, =G6o, + GG, (11.48)

Substituting Eq. (11.48) in Egs. (11.46) and (11.47), the dynamical equations at the engine and motor
shafts are rearranged as

1.2 _p G g n (11.49)
co dt — Te cst g 20 dt .
dw dw

J""’Ttm =T,-G,T;— GG;3T, - Jgod_te (11.50)
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where the equivalent lumped inertias are given by

Joo =L+ G2, (11.51)
Tno = I, + GrG1, T, (11.52)
Joo = GcsGrsGBJé (11.53)
Hence, the generator and driveline torques can be obtained as
1 dw, dw,,
T,=—(7,-J,—%-J —2 11.54
& Gy < €T dr 80 dt ( )
1 ‘,go dwe ‘Imo dwm
T,= G_12Tm = GT,+ | GegJoo — G_12 7 + | Gealgo — G_1z o (11.55)
where G4 denotes the equivalent gear ratio from the engine to the driveline as given by
GG
Geg = == (11.56)
GcsGl2

At steady state, the system dynamics become zero. The steady-state generator torque and driveline
torque can be expressed as

1
T,= G—CSTe (11.57)
T, = LTm -Gy T, (11.58)
G
The gear ratios, G, and G, can be written in terms of the output gearing tooth numbers as
N
G, = N, (11.59)
N
Gj3 = N, (11.60)

Hence, substituting Eqgs. (11.27) and (11.28) as well as Eqgs. (11.59) and (11.60) into Egs. (11.57) and
(11.58), the corresponding steady-state torques become
1
=—71IT
£ d+p ¢
N. N.
= _ZTm + P _2 e
N, (I+p) N,
Comparing Eqgs. (11.61) and (11.62) with Eqgs. (11.38) and (11.39), it illustrates that the FHS is very
similar to the THS. Because of the same input-split feature, their generator torques are the same. However,
because of the additional output gearing, the FHS can offer further mechanical advantage to the motor and

engine torques, leading to have the effect of torque multiplier. Meanwhile, the corresponding operating
modes are essentially the same as those of the THS.

(11.61)

T, (11.62)

11.4 Compound-Split PG EVT Systems

The compound-split PG EVT system is more complicated than the input-split system. The key is that
it incorporates the feature of variable structure control. With the use of mechanical disconnect clutches,
the system can offer various structures. The representative compound-split PG EVT system is the GM
two-mode hybrid system. Consequently, there are various variants, such as the Renault and Timken
systems.
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11.4.1 GM Two-Mode Hybrid System

The GM two-mode hybrid system is illustrated in Figure 11.14. It is mainly composed of three clutches,
two planetary gears, two machines, two converters, and a battery pack (Holmes and Schmidt, 2002). The
corresponding equivalent model is depicted in Figure 11.15. The engine is coupled with the ring gear
R, of the first planetary gear P, via the clutch CL,. The machine M| normally operates as a generator,
which is coupled with the sun gear S, of P,. The carrier C, of P, is coupled with the carrier C, of the
second planetary gear P,, and both are linked up with the driveline. The machine M, normally operates
as a motor, which is coupled with the sun gear S, of P,. There are two clutches to enable the ring gear
R, of P, connecting to M, (via the clutch CL,) or grounded (via the clutch CL;). By means of engaging
or disengaging different clutch arrangements, the system can alter its structure to provide more flexibility
for transmission control.

When the HEV operates at low-speed mode (dubbed the low-range mode) for urban driving, both the
clutches CL; and CL; are engaged while the clutch CL, is disengaged. Thus, the first planetary gear
is responsible for input power-split while the second planetary gear is in charge of output gearing, thus
working alike the FHS. When the HEV operates at high-speed mode (dubbed the high-range mode) for
highway cruising, both the clutches CL, and CL, are engaged while the clutch CL; is disengaged. Thus,
both first and second planetary gears perform the power-split together, hence the compound-split. Neutral
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Figure 11.14 GM two-mode hybrid system
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occurs when both CL, and CL; are disengaged. Therefore, this two-mode PG EVT system can optimize
the fuel economy for both low-speed and high-speed operations.

In order to properly assess their speed and torque relationships, their system dynamical equations under
individual modes need to be formulated. Detailed derivations of their system dynamics can be found in
Miller (2006, 2010).

11.4.1.1 Low-Range Mode

In this mode, the clutches CL,; and CL; are engaged whereas CL, is disengaged. The first planetary gear
works for power-split and the second planetary gear serves for output gearing. Figure 11.16 shows the
equivalent model of this low-range mode, where the ring gear, carrier, and sun gear inertias of the first
planetary gear are denoted as J,,, J.;, and J;, respectively; the ring gear, carrier, and sun gear inertias of
the second planetary gear are denoted as J,,, J,,, and J,, respectively; the carrier-to-sun and ring-to-sun
gear ratios of the first planetary gear are denoted as G and G, respectively; and the carrier-to-sun and
ring-to-sun gear ratios of the second planetary gear are denoted as G, and G,,,, respectively.

Similar to the previous derivations, all inertias are first referred to the generator, engine, and motor
shafts, which are given by

To=J,+1, (11.63)

To=J, 40, + G T, (11.64)

Jo=J,+J o+ Lz lJcl +Jo+ 1+ G T+ %Ja] (11.65)
Gcs2 Gad

Consequently, the dynamical equations at the engine and motor shafts can be obtained as

1 dow, dw,,
T, = T,—J J, (11.66)

Gy \ ¢ "dr g
Gcs 1 Gcs 1 dwe Gcs 1 dwm
T,=GT, - G, T, + aJeo = Genlygo I + algo = G.olimo I (11.67)
where the equivalent lumped inertias are given by
—_ 7 2 4
Joo =J, + G, (11.68)
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Figure 11.16 Low-range mode of GM two-mode hybrid system model
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GZ
o =T+ =21, (11.69)
GcsZ
G
o=, (11.70)

cs2

At steady state, the corresponding generator torque and driveline torque can be expressed as
1

T,= —T, (11.71)
¢ Grsl
G
T,=G.T, - G—lT (11.72)

sl

According the speed relationships of a planetary gear given by Eqs. (11.26)—(11.28), the gear ratios
G, and G, as well as G, and G, can be written as

G.y=14p (11.73)
Gy =—p, (11.74)
Guo=1+p, (11.75)
Gy = —p, (11.76)

where p, and p, are defined as the first and second planetary gear ratios, respectively. Hence, substituting
Egs. (11.73)—~(11.76) into Eqgs. (11.71) and (11.72), the corresponding steady-state torques become
1
T,=-—T, (11.77)
P
(I+p)

Py

T,=+p,)T, + T (11.78)

e

which indicates that the driveline torque is a weighted combination of the engine and motor torques, and
the weightings are based on the relevant planetary gear ratios. Also, since both p; and p, are normally
greater than one, the driveline torque relies more from the motor, rather than from the engine.

11.4.1.2 High-Range Mode

In this mode, the clutches CL; and CL, are engaged while CL; is disengaged so that both the first and
second planetary gears work for power-split. Figure 11.17 shows the equivalent model of this high-range
mode. Similar to the previous derivations, the referred generator, engine, and motor inertias are given by

Jo=J,+Jg (11.79)
Jo=J, 40, +G T, (11.80)

J,=J,+J L S e T L, +7 11.81
m_m+ s2+GT cl+c2+ d+ cslg+G_2a +G—2[r2+ g] ( . )

cs2 ad rs2
Consequently, the dynamical equations at the engine and motor shafts can be obtained as
T ! <T J dev, J de, > (11.82)
§  \ ¢ dr £ dr '
1 1 1, do, 1 dow,,
T,= T, - —F77—T1,+ - o (11.83)
GCSZ Grs 1 GCSZ GrsZ GcsZ © dt Gcs2 dt
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Figure 11.17 High-range mode of GM two-mode hybrid system model

where the equivalent lumped inertias are given by

1

Jéo - Grs]G GrslGrSZ‘I/ Grzsz 20 (1 184)
G.,G.,G?
Jo=d -G + 2l )y (11.85)
GcsZ GcslG
GG,
Joo =T, — Jgo t — J, (11.86)
Gcsl G s2 GCSZ + Gcsl GrsZ
G G,
Jo=—00 (11.87)
GcsZ + Gcsl Grs2
At steady state, the corresponding generator torque and driveline torque can be expressed as
1
T, = T 11.88
¢ Grsl ¢ ( )
1 1
T,=—17T,— ———F7-—1, (11.89)
GCSZ Grsl GcsZ Grs2

Substituting Egs. (11.73)—(11.76) into Eqgs. (11.88) and (11.89), the corresponding steady-state torques
become

T, =—LTL, (11.90)
Py

! T, - ! T, (11.91)
(I+p,) p1P2(1 + py)

T,=

which indicates that the driveline torque is also a weighted combination of the engine and motor torques.
Comparing Eq. (11.91) and Eq. (11.78), the driveline torques in the low-range and high-range modes are
very different. Particularly, the contribution of the engine torque to the driveline torque at the low-range
mode depends only on the first planetary gear ratio whereas the relevant contribution at the high-range
mode depends on both the first and second planetary gear ratios. In general, the engine is operated at
constant speed to obtain the optimal fuel economy.



Planetary-Geared Electric Variable Transmission Systems 331

11.4.1.3 Electric Launch Mode

This mode is a kind of low-range mode with the clutches CL; and CL; engaged while CL, disengaged.
In this mode, the engine is turned off to avoid operating at low efficiency. Hence, substituting 7, = 0 into
Eq. (11.78), the driveline torque is given by

T,=+p,)T, (11.92)

11.4.1.4 Regenerative Braking Mode

In this mode, the CL, and CL, are disengaged while only CL; is engaged. Both the engine and machine 1
(normally operating as a generator) are turned off. The machine 2 (normally operating as a motor) serves
as a generator to produce a braking torque, which converts the braking energy into electrical energy to
recharge the battery. Hence, substituting 7, = 0 in Eq. (11.78), the driveline torque becomes a negative
motor torque as given by

T,=-+p)T, (11.93)

11.4.1.5 Mode Transition

Differing from the aforementioned THS and FHS, this GM two-mode hybrid system involves different
physical structures during mode transition, especially between the low-range and high-range modes. Thus,
the mode transition needs to be performed at proper conditions so that the mechanical disturbance can
be minimized.

As depicted in Figure 11.18, the vehicle starts from operating at the electric launch mode with the
engine off. When the motor itself is unable to fulfill the vehicle power demand, the engine is turned
on to provide additional output power. Thus, the vehicle switches from the electric launch mode to the
low-range mode. The transition between the low-range and high-range modes is mainly governed by the
vehicle speed. Meanwhile, when the sun gear speed of the first planetary gear and the ring gear speed
of the second planetary gear are the same, the transition between the low-range and high-range modes
can take place without mechanical interruption. Whenever the brake pedal is pressed, there is a transition
from the operation mode to the regenerative braking mode.

11.4.2 Renault Hybrid System

Figure 11.19 shows a schematic of the Renault compound-split PG EVT system, which is also called the
infinitely variable transmission system (Villeneuve, 2004). It consists of two machines and two planetary

Regen)® Regen)® Regen

| Electric |. | Low-range

_ | High-range
BHop B launch mode i

mode

Figure 11.18 Mode transition of GM two-mode hybrid system
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Figure 11.19 Renault hybrid system model

gears, but no clutches. The machine M, is coupled with the sun gear S, of the first planetary gear P; while
the machine M, is coupled with the sun gear S, of the second planetary gear P,. The engine is coupled
with the carrier C; of P, and the ring gear R, of P,. The carrier C, of P, and the ring gear R, of P, are
linked up with the driveline. Since there are no clutches, the system involves only one physical structure
that can avoid mechanical disturbances due to mode changes.

There is a full four-port arrangement: two mechanical ports and two electromechanical ports. By con-
trolling the two machines, at a given input speed (engine speed), the output speed (vehicle speed) can vary
“infinitely,” namely continuously from reverse to forward speed passing through the zero speed without
using any clutch or equivalent device.

11.4.3 Timken Hybrid System

The Timken hybrid system, also called the electromechanical infinitely variable transmission system, is
shown in Figure 11.20 (Ai, Mohr, and Anderson, 2004). This two-mode compound-split system consists
of two machines, two planetary gears, two clutches, and two brakes. The machine M| is coupled with the
sun gear S; of the first planetary gear P,, and can also be coupled with the ring gear R, of the second
planetary gear P, via the clutch CL,. The machine M, is coupled with the sun gear S, of P,. The engine

‘ F F / B, Wheel

Rl Il% Rz HBI
Engine C, - CL, G, l I
CL
000 Sy M, M, S, 1
C CL G
T el B [

LML
P
Py IJ*BZ 2 Wheel

Figure 11.20 Timken hybrid system model
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is coupled with the ring gear R, of P,. The carrier C, of P, is coupled with the driveline, while the carrier
C, of P, can also be coupled with the driveline via the clutch CL,. The carrier C; and sun gear S, can be
locked by the brakes B and B,, respectively.

By properly engaging the two clutches and two brakes, the Timken hybrid system can operate in various
modes (Mi, Masrur, and Gao, 2011):

e Electric launch: Both the clutches CL; and CL, are disengaged, whereas both brakes B, and B, are
activated. That is, the brake B, locks the ring gear R, of P, so that the machine M, delivers the torque
to the sun gear S, via the carrier C, of P,; meanwhile, the brake B, locks the carrier C; of P, so that
the engine is stalled. Thus, the driveline torque is solely contributed by M,.

e Low-range mode: The clutch CL, is engaged and the brake B, is activated, whereas the clutch CL, and
brake B, are open. Thus, the system becomes the same as the low-range mode of the GM two-mode
hybrid system.

e High-range mode: Both the clutches CL, and CL, are engaged, whereas both brakes B and B, are
deactivated. Thus, the system becomes the same as the high-range mode of the GM two-mode hybrid
system.

o Series mode: Both the clutches CL; and CL, are engaged, while both brakes B; and B, are activated.
Thus, the engine delivers power to the machine M, (operating as a generator) through the sun gear S,
of P, with its carrier C; locked. Then, the generated power by M, feeds the machine M, (operating as
a motor) to drive the sun gear S, of P, with its ring gear R, locked.

11.5 Design Criteria of PG EVT Systems

The design of PG EVT systems is challenging as the system needs to offer all hybrid features of a full
hybrid, namely the electric launch, cranking, electricity generation, idle stop-start, regenerative braking,
and EVT operation. All system devices need to closely collaborate with the engine, and work under
harsh environment, such as large vibrations and high temperatures. The design goals of EVT systems are
stringent, which are summarized as follows:

e Various EVT systems, such as the input-split and compound-split, are preferable for various types of
HEVs. In general, the input-split types are particularly attractive for passenger cars or sport utility
vehicles, whereas the compound-split types are preferable for vans or trucks.

e The starting torque of the motor should be up to four times the rated torque to enable electric launch.
The corresponding torque density should be maximized to reduce the weight and size.

e The constant-power operation range of the motor should be up to four times the base speed to enable
wide-speed operation. The corresponding power density should be maximized to reduce the weight and
size.

e The output power of the generator should be sufficiently high to perform power-split of the engine
output.

e The operating speed of the generator should be sufficiently wide to enable effective electricity genera-
tion for battery charging.

e The output torque of the generator, which operates as a starter motor, should be high enough to perform
cold cranking.

e The planetary gear should be durable enough to perform power-split of the engine output, and form

two paths of power flow.

The engine should be durable enough to allow for frequent idle stop-start up to a million cycles.

The motor should be able to offer efficiency higher than 85% over wide torque-speed regions.

The motor should be able to perform regenerative braking with efficiency over 60%.

The system should be able to withstand severe vibrations up to 20 g and extreme temperatures from

—30to 120°C.
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e The system should have high reliability and good serviceability. Particularly, the motor and generator
should be maintenance-free.
e The system should offer excellent fuel economy to justify the increased complexity and additional cost.

11.6 Design Example of PG EVT Systems

As the input-split PG EVT system is the most fundamental type of PG EVT systems, it is selected for
exemplification. Also, as the permanent magnet (PM) synchronous machine takes the definite advantages
of high efficiency, high power density, and low torque ripple, it is selected as the machine topology for
the input-split PG EVT system.

11.6.1 PM Synchronous PG EVT System Configuration

The system configuration has been discussed as depicted in Figure 11.5 in which both the machine 1
and machine 2 adopt the PM synchronous machine topology. In this system, the planetary gear plays a
key role to perform power-split of the engine into two paths: one path is mechanical power to the driv-
eline via the ring gear and another path is electrical power to the driveline via the machine 1 (normally
operating as a generator), converter 1 (normally operating as a controlled rectifier), battery, converter
2 (normally operating as an inverter), and machine 2 (normally operating as a motor). The key of this
design is the integration of the planetary gear and two machines. Since all these devices have their
individual rotational shafts, the system arrangement shown in Figure 11.5 is not practical to perform
such integration.

A practical system arrangement to integrate the planetary gear and two machines is depicted in
Figure 11.21 in which the planetary gear is sandwiched between the two machines in such a way that
the engine shaft coupled with the carrier of the planetary gear via the central core of the machine 1 and
the ring gear of the planetary gear coupled with the rotor of the machine 2 are connected to the driveline
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Engine Motor
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Generator
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Figure 11.21 Practical arrangement of input-split PG EVT system
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via a silent chain. This silent chain, having teeth on its links that mesh with teeth in the sprockets of the
driveline, can perform effective torque transmission silently and smoothly.

In order to fulfill the propulsion requirement, the two PM synchronous machines (one mainly for motor-
ing and one mainly for generation) need to be properly designed while the planetary gear and battery need
to be properly sized. On the basis of the requirements of a typical passenger HEV, the specifications of the
input-split PG EVT system are summarized in Table 11.1. The corresponding specifications of the two
PM synchronous machines are listed in Table 11.2.

11.6.2 PM Synchronous Machine Design

Aiming to offer high torque density and high power density, the two PM synchronous machines prefer-
ably adopt the flux-focusing arrangement for the PM rotor. Rather than using the interior-circumferential
PM rotor that has a significant flux leakage, both PM synchronous machines utilize the interior V-shaped
PM rotor as shown in Figure 11.22, which is similar to that adopted by Prius (Staunton et al., 2006;
Burress et al., 2011). This interior V-shaped PM rotor lies between the interior-radial PM rotor and
interior-circumferential PM rotor, while offering the flexibility to adjust the V-angle in such a way that
the degree of flux-focusing and the saliency ratio of d—¢q inductances can be optimized.

Because of the difference between d-axis and g-axis inductances, this machine topology has two torque
components: PM torque and reluctance torque. In general, the PM torque component is larger than the

Table 11.1 Specifications of
input-split PG EVT

Engine peak power 65 kW
Motor peak power 60kW
Generator peak power 35kW
Battery voltage 200V
Number of ring gear teeth 78
Number of sun gear teeth 30
Number of planet gear teeth 23
Motor-to-wheel speed ratio 4

Table 11.2  Specifications of input-split PG

EVT machines

Motor
DC voltage 500V
Rated power 35kW
Peak power 60 kW
Rated torque 120N m
Peak torque 416 Nm
Constant-torque operation 0-1400 rpm

Constant-power operation

1400-6000 rpm

Generator
DC voltage 500V
Rated power 10kW
Peak power 35kW

Maximum speed

10000 rpm
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PMs
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Figure 11.22 V-shaped PM rotor

reluctance torque component. Theoretically, the PM torque component can be maximized by applying
the armature current with 0° electrical while the reluctance torque component can be maximized with the
current angle of 45° electrical. Therefore the optimal current angle lies between them, depending on the
working conditions, such as current magnitude and rotor speed.

On the basis of the specifications, the key design parameters and geometric dimensions of these two
PM synchronous machines are listed in Table 11.3.

11.6.3 PM Synchronous Machine Analysis

By using finite element analysis, the electromagnetic field distributions of the two PM synchronous
machines can readily be determined. Figure 11.23 shows a typical electromagnetic field distribution of

Table 11.3 Key parameters and dimensions of PM synchronous machines

for input-split PG EVT system

Motor Generator
Number of phases 3 3
Number of poles 8 8
Stator outside diameter (mm) 280 240
Stator inside diameter (mm) 171.7 145
Stator stack length (mm) 50.8 83.6
Rotor outside diameter (mm) 170 143
Rotor inside diameter (mm) 54 86.4
Rotor stack length (mm) 50.8 83.6
Air-gap length (mm) 0.85 1.0
Number of stator slots 48 48
Number of stator turns per phase 88 72
PM type Nd-Fe-B Nd-Fe-B
PM dimensions (mm) 20.25x7x%x50.8 19.1 x6.58 X 83.6
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Figure 11.23 Magnetic field distribution of PM synchronous motor

the machine 2 (normally operating as a motor), which can assess the saturation level of the iron core and
most importantly the air-gap flux density of the whole machine. The higher the air-gap flux density, the

higher the developed torque per armature current.

In order to assess the torque capability of the PM synchronous motor, the developed torques are cal-
culated by using finite element analysis at different rotor positions and different armature currents. The
corresponding torque-angle characteristics are shown in Figure 11.24. It can be observed that the peak
torque increases with the armature current. Consequently, the peak torque can achieve 416 Nm at the
peak current rating for speeds below the base speed of 1400 rpm. Beyond the base speed, the peak torque
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Figure 11.24 Torque-angle characteristics of PM synchronous motor
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Figure 11.25 Torque-speed capability of PM synchronous motor

Figure 11.26 Magnetic field distribution of PM synchronous generator

decreases inversely with the speed for constant-power operation. The corresponding torque-speed capa-
bility is depicted in Figure 11.25.

On the other hand, a typical electromagnetic field distribution of the machine 1 (normally operating as
a generator) is shown in Figure 11.26. Similar to the previous case, it serves to assess the saturation level
of the iron core and the air-gap flux density of the whole machine. Differing from the previous case, the
generated electromotive force (EMF) is particularly interested. The higher the air-gap flux density, the
higher the generated EMF is resulted.

In order to assess the generation capability of the PM synchronous generator, the generated EMFs are
calculated by using finite element analysis at different rotor speeds. By driving the rotor from O to the max-
imum speed of 10 000 rpm, the corresponding generated EMF characteristics are shown in Figure 11.27. It
can be observed that the peak and root-mean-square (RMS) values of the generated EMF increase linearly
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Figure 11.27 Generated EMF characteristics of PM synchronous generator

with the rotor speed. Consequently, the peak value can achieve 500 V at the maximum generator speed of
10 000 rpm.

11.7 Application Examples of PG EVT Systems in HEVs

A milestone of HEVs development is the Toyota Prius as shown in Figure 11.28. The first Prius was put
on the market in 1997 and was the first mass-produced hybrid vehicle. Its input-split PG EVT system, also
called the THS, was a technological breakthrough in the field of hybrid powertrains. The THS consisted of
an engine, a generator, planetary gear, and a motor as shown in Figure 11.29. Its engine could offer 43 kW
and 102 N m at 4000 rpm, and its motor could provide 305 N'm at 0-940 rpm and 30 kW at 940-2000 rpm
(Carfolio, 2014). The Prius family has been continually improved and extended such as the Prius plug-in

Figure 11.28 Toyota Prius (Source: Courtesy Wikimedia Commons, http://commons.wikimedia.org/wiki
/File:1st_Toyota_Prius_--_01-13-2010.jpg)
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Figure 11.29 Toyota hybrid system (Source: Courtesy Wikimedia Commons, http://commons.wikimedia.org
/wiki/File:Toyota_INZ-FXE_Engine_01.JPG)

Figure 11.30 Ford Escape Hybrid (Source: Courtesy Wikimedia Commons, http://en.wikipedia.org/wiki
/File:2nd_Ford_Escape_Hybrid_--_04-29-2011_1.jpg)

hybrid, Prius v, and Prius c, aiming to deliver improved fuel economy through the development of new
powertrains with advances in battery, motor, and engine technologies.

The Ford Escape Hybrid, released in 2004, was the first full hybrid sport utility vehicle (SUV) to hit the
market as shown in Figure 11.30. It was equipped with an input-split PG EVT system, called the FHS. This
FHS consisted of an engine, a generator, planetary gear, a motor, and a set of spur gears. The corresponding
engine could offer 114 kW at 6000 rpm and 184 N'm at 4500 rpm, and the motor could provide 70 kW at
5000 rpm (Automobile-catalog, 2014). The combined output power could achieve 132 kW.
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Figure 11.31 Chevrolet Silverado Hybrid (Source: Courtesy Wikimedia Commons, http://en.wikipedia
.org/wiki/File:Chevrolet_Silverado_Hybrid_--_01-07-2012.jpg)

GM launched the Silverado Hybrid in 2004. Starting from 2009, GM offered a second-generation
Chevrolet Silverado Hybrid as shown in Figure 11.31. This hybrid truck was equipped with the GM
two-mode hybrid system. Its 6-L V8 engine was rated at 248 kW at 5100 rpm and 498 Nm at 4100 rpm
(GM, 2014). Supplemented with two 60-kW electric machines, the combined output could achieve
282 kW.

11.8 Matured Technology for HEVs?

In recent years, the full hybrid has become one of the fastest growing segments of the automobile industry
in the world. The Toyota Prius, Toyota Camry Hybrid, Ford Escape Hybrid, Ford Fusion Hybrid, GM
Chevrolet Silverado Hybrid, General Motors Company (GMC) Sierra Hybrid, and Kia Optima Hybrid
are commercial examples of this type of hybrids. They can provide all major hybrid features: the electric
launch, engine cranking, electricity generation, idle stop-start, regenerative braking, and EVT operation.

As the EVT system is the core technology for the full hybrid, the corresponding research and
development have been fast and encouraging. In fact, because of the popularity of the Toyota Prius, the
PM synchronous input-split PG EVT system has become mature for mass production. Meanwhile, the
compound-split PG EVT system is becoming mature, which can further reduce the manufacturing cost.
Nevertheless, there are two technological shortcomings in the existing PG EVT system. First, while
the PM synchronous machines can offer high efficiency and high power density, the PMs mounted on
the rotor suffer from the difficulty in withstanding high centrifugal force, severe vibration, and high
temperature for EVT operation. Second, while the planetary gear is the key element of the PG EVT
system, this mechanical device inevitably suffers from wear and tear, gear noise, inefficient transmission,
and need for regular lubrication. Thus, there are continual research and development to solve these
shortcomings, such as using advanced magnetless machines for the PG EVT system or even replacing
the mechanical planetary gear by a double-rotor machine or magnetic planetary gear.
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Double-Rotor Electric Variable
Transmission Systems

As the electric variable transmission (EVT) system is the core technology for full hybrids, it is undergoing
continual development. The existing EVT systems are all based on the use of planetary gearing, which
inherently suffers from transmission loss, gear noise, and need for regular lubrication. In order to overcome
these drawbacks, a new class of EVT systems has been developed. The key is to employ a double-rotor
(DR) machine to perform the desired power-split.

In this chapter, various DR EVT systems, including the system configurations and DR machines as well
as the basic and advanced DR types, are discussed. The corresponding design criteria, design example,
and potential applications are also presented.

12.1 System Configurations

The planetary-geared (PG) EVT system, including the input-split and compound-split types, employs
planetary gearing to perform the power-split of engine output. As the planetary gear is a kind of mechanical
gears, it inevitably suffers from transmission loss, gear noise, and need for regular lubrication. In addition,
backlash and misalignment problems are almost unavoidable. Instead of using a mechanical device, an
electrical device is a good alternative to perform the power-split so that the problems associated with
mechanical gearing can be solved fundamentally. The key is to employ a DR machine to perform the
desired power-split.

Figure 12.1 describes the configuration of the PG EVT system, which consists of a planetary gear,
a machine normally operating as a generator, another machine normally operating as a motor, a power
converter normally operating as a controlled rectifier, another power converter normally operating as an
inverter, and an energy storage device, normally a battery. When the engine drives the carrier of planet
gears, the power is split into two paths: mechanical and electrical. The mechanical path from the engine
to the driveline is via the ring gear of the planetary gear. The electrical path involves the sun gear of the
planetary gear, generator, controlled rectifier, battery, inverter, and motor: the sun gear spins the generator
rotor; the generator stator produces electricity; the controlled rectifier regulates the power flow between
the generator stator and DC link; the battery serves as an energy buffer; the inverter regulates the power
flow between the DC link and motor stator; and the motor rotor spins the driveline.

Figure 12.2 depicts the configuration of the DR EVT system. By allowing both the stator and rotor
of the machine 1 (initially operating as a generator) to rotate freely, the machine 1 becomes a primitive
DR machine, which can simultaneously offer the planetary gear function to split the engine power, and

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 12.2 DR EVT system configuration using cascaded machines

the generator function to produce electricity. The machine 1 splits the engine power into two paths. One
path is from the engine to the driveline via the inner and outer rotors of the machine 1 and then the
rotor of the machine 2 (simply operating as a motor). Another path is via the inner rotor of the machine
1, controlled rectifier, battery, inverter, and machine 2: the engine spins the inner rotor; the inner rotor
generates electricity; the controlled rectifier regulates the power flow between the inner rotor and DC
link; the battery serves as an energy buffer; the inverter regulates the power flow between the DC link and
motor stator; and the motor rotor spins the driveline. Therefore, the planetary gear and hence its problems
can be completely eliminated.

Because of the nature of direct coupling between the outer rotor of the machine 1 and the rotor of the
machine 2, they should be lumped together to form a single machine having a stator and two rotors — the
so-called DR machine. As depicted in Figure 12.3, the system configuration is much simpler than that of
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Figure 12.3 DR EVT system configuration using single machine
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the PG EVT system. That is, when the engine spins the inner rotor, the engine power is split into two paths.
One path goes through the inner rotor and outer rotor to the driveline line. Another path goes through the
inner rotor, controlled rectifier, battery, inverter, stator, and outer rotor to the driveline. Thus, the outer
rotor is the summing point of two driving torques.

12.2 Double-Rotor Machines

With the ever-increasing demand on electromechanical energy conversion, the development of electric
machines has been extended from a traditional single-input single-output (SISO) system to a versatile
multi-input multi-output (MIMO) system. As the MIMO electromechanical system involves more than
two ports (an electrical port and a mechanical port), it is called the multi-port machine. When there are
two mechanical ports, a multi-port machine is called the double-rotor machine.

12.2.1 Multi-port Machine Concept

A traditional electric machine, no matter what type is considered, is a kind of SISO electromechanical
energy conversion system. In this regard, it can be described as a coupled electromagnetic field device
with one electrical port and one mechanical port (Xu, 2006). As shown in Figure 12.4, the corresponding
electrical port of a conventional electric machine is characterized by its input voltage and current while
the corresponding mechanical port is characterized by its output torque and speed.

In order to improve the operating performance, such as control flexibility and efficiency optimization,
some electric machines have incorporated two electrical inputs. For instance, the doubly-fed induction
machine has a three-phase winding in the stator as one electrical input and a three-phase winding in the
rotor as another electrical input so as to perform the slip energy recovery control. Also, the doubly-salient
DC (DSDC) machine has the armature winding in the stator as one electrical input and the field winding
in the stator as another electrical input so that it can achieve online efficiency optimization. As these
machines have two electrical input ports and one mechanical output port, they can generally be classified
as the dual-input single-output three-port machine as depicted in Figure 12.5.

Differing from the fast development of dual-input single-output three-port machines, the development
of single-input dual-output three-port machines was slow. The major reason was simply due to the lack
of applications desiring dual-output mechanical ports. With the ever-increasing applications of two rotat-
ing bodies, such as the two wheels of electric vehicles and the dual impellers of industrial mixers, the
development of single-input dual-output three-port machines has been accelerated in recent years. As
depicted in Figure 12.6, those single-input dual-output three-port machines have two shafts that are either
laterally offset or concentrically arranged. Consequently, by adding one more electrical port to improve
the operating performance, a dual-input dual-output four-port machine as shown in Figure 12.7 can readily
be generated.
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Figure 12.4 Single-input single-output two-port machine
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Figure 12.5 Dual-input single-output three-port machine
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Figure 12.7 Dual-input dual-output four-port machine

Similar to all electromechanical devices, all ports are bidirectional. That is, the input and output ports
are interchangeable, and both the electrical and mechanical ports allow for bidirectional power flow.

12.2.2 DR Machine Structure

A basic structure of the DR machine is depicted by its cross-sectional schematic as shown in Figure 12.8,
which is actually a general dual-input dual-output four-port machine. There are three basic parts, namely
the inner, middle, and outer parts, which are separated by two air-gaps but magnetically coupled (Xu,
Zhang, and Wen, 2009). In general, all parts can be equipped with windings. The windings of inner and
outer parts serve as the two electrical ports, while the shafts of inner and middle parts serve as the two
mechanical ports. In addition, there are some unique features of this DR machine:

e The two mechanical ports can be freely assigned among the three parts, depending on which rotational
parts are more favorable for specific application.
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Figure 12.8 Basic structure of DR machine

e For the two electrical ports, one must be the winding terminals of the stationary part, while another is
the winding terminals at one of the two rotational parts.

e The middle part is sandwiched by the inner and outer air-gaps so that the corresponding torque is the
sum of the electromagnetic torque components produced at two air-gaps.

e The two mechanical ports can be operated as two driving bodies, two driven bodies, or one driving and
one driven bodies.

e The two electrical ports can both accept and produce power, or one accepts and one produces power.
They can also be connected together via two back-to-back power converters to enable internal power
control.

e When the electrical port is located at the rotational part, a setup of slip-rings and brushes is necessary.

As mentioned earlier, the two mechanical ports can be freely assigned among the three parts. No matter
how these parts are assigned, there are two possible operating modes, depending on the relative speeds
of the two rotational parts (outer and inner rotors). For exemplification, the outer part is the stator, the
middle part is the outer rotor, and the inner part is the inner rotor. First, when the two rotors are of
the same speed, there is no relative speed and hence no electromechanical energy flow between them.
The machine is essentially a traditional one with two shafts. Second, when the speed of inner rotor is
different from that of outer rotor, there is a slip between them. The inner rotor needs to be excited with the
slip frequency. The power flow through the inner rotor due to slip may be negative or positive, depending
on whether the slip is positive or negative.

12.3 Basic Double-Rotor EVT Systems

A basic DR EVT system is mainly based on the induction DR machine. Although this DR machine is a
single machine, it is usually split into two cascaded induction machines for the sake of explanation and
modeling. Meanwhile, it helps elaborate various operation modes for the full hybrids.

12.3.1 DR EVT Structure

As shown in Figure 12.9, a basic DR EVT structure is composed of an induction DR machine, a
power converter normally operating as a controlled rectifier, an energy storage device normally using a
battery, and another power converter normally operating as an inverter (Hoeijmakers and Ferreira, 2006).
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Figure 12.10 Induction DR machine

The induction DR machine has a stator, an outer rotor, and an inner rotor, which are all concentrically
arranged as shown in Figure 12.10. The corresponding stator is usually wound with a three-phase
distributed winding, which is similar to that of a traditional induction machine. The outer rotor is
equipped with a squirrel cage shorted with two end-rings, which is similar to that of a conventional
squirrel-cage induction machine. The inner rotor also has a three-phase distributed winding with its
phase terminals separately connected to three slip-rings, which is similar to that of a normal slip-ring
induction machine.

To facilitate the explanation and analysis of the induction DR EVT, the induction DR machine is split
into two cascaded induction machines: machine 1 is a primitive DR machine and machine 2 is a traditional
machine as shown in Figure 12.11. The outer rotor of the machine 1 is mechanically coupled with the rotor
of the machine 2. It offers two paths of power flow. One path is the mechanical coupling between the outer
rotor of the machine 1 and the rotor of the machine 2. Another path is electrical connection between the
inner rotor of the machine 1 and the stator of the machine 2 via the back-to-back power converters and
battery. Therefore, when the engine drives the machine 1, the machine 1 works as a generator while the
machine 2 works as a motor.
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Figure 12.11 Induction DR EVT system model

12.3.2 DR EVT Modeling

The modeling of the machine 1 needs to take the effect of double rotors into account, whereas the
modeling of the machine 2 is the same as that of a traditional induction machine (Cui, Cheng, and
Chan, 2006).

Extending the coordinate transformation in standard induction machines, the flux linkage of the outer
rotor of the machine 1 is taken as the d-axis. Hence, the voltage equations of the machine 1 can be
expressed as

. dy,
uy =Ry + —2 — (o, = POy W (12.1)
. dwa
Uy = Rllq1 + o + (0, — pw,, W,y (12.2)
. dy,
0= Ryip + —= (12.3)
0 = Ryi,, + 0wy (12.4)

where u,;, and u,, are, respectively, the d-axis and g-axis phase voltages of the inner rotor, R; is the
inner-rotor resistance, i, and i, are, respectively, the d-axis and g-axis phase currents of the inner rotor,
v, and y,; are, respectively, the d-axis and g-axis flux linkages of the inner rotor, o, is the synchronous
speed, p is the number of pole-pairs, ®,,, is the inner-rotor mechanical speed, R, is the outer-rotor phase
resistance, i, and i, are, respectively, the d-axis and g-axis phase currents of the outer rotor, y,, is the
d-axis flux linkage of the outer rotor, and w is the slip angular frequency. The corresponding flux linkages
are given by

W = Lyig +Lyig (12.5)
W1 = Lyiy + Ly, (12.6)
War = Lyigy + Loigy (12.7)

0= Ly, + Ly, (12.8)
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where L, is the self-inductance of the inner rotor, L, is the self-inductance of the outer rotor, and L,, is
the mutual inductance. Consequently, the synchronous speed and slip speed can be expressed as

W, = pw,| + 0, = pw,, + oy (12.9)
Lmiql

Wy = s, = (12.10)
T1¥a

where w, is the inner-rotor angular frequency and 7, is the electrical time-constant of the inner rotor.
In order to investigate the interactions between the machine 1 and machine 2, their torque relationships
are written as

dw
Tml - Tel = ‘]1 d;”l (]21 ])
dw
T,,—T =1, d’t"z (12.12)
T,o=T,+T, (12.13)

where T,,, and T, , are the mechanical torques at the machine 1 and machine 2, respectively, J, and J, are
the inertias of the shafts of the machine 1 and machine 2, respectively, T, and T, are the electromagnetic
torques developed at the air-gaps of the machine 1 and machine 2, respectively, w,,; and ®,,, are the
mechanical speeds of the shafts of the machine 1 and machine 2, respectively, and T; is the load torque.

Hence, it yields
Rl (12.14)
dt '

dw,,
T, +T,= T,+J17 +J,

which indicates that the sum of the mechanical torque at the machine 1 and the electromagnetic torque
developed at the air-gap of the machine 2 is equal to the sum of load torque and the accelerating torques of
the inertias of the machine 1 and machine 2. Actually, the mechanical torque at the machine 1 is the engine
torque, and the electromagnetic torque developed at the air-gap of the machine 2 is the motor torque of
this EVT system.

12.3.3 DR EVT Operation

The EVT operation is based on the power-split of the engine output using the machine 1. That is, one part
of the engine power passes from the inner rotor to the outer rotor of the machine 1 via electromagnetic
field, and then drives the rotor of the machine 2. Another part of the engine power is converted into
electrical power in the inner rotor of the machine 1, and then feeds the machine 2 via the slip-rings and two
back-to-back power converters. Ignoring the power losses (Cheng et al., 2007), their power relationships
are given by

Pml =L Om = Pd +Pe (1215)
Pd = Telme = Tmlme (1216)
Po=Pyy =Py =T,(@ = @) (12.17)

where P, is the mechanical power of the shaft of the machine 1, P, is the mechanical power directly
transferred from the machine 1 to the machine 2, and P, is the electrical power transferred from the
machine 1 to the machine 2. The electrical power generated by the machine 1 feeds the machine 2, which
in turn produces the torque given by

P T, (0, —o
T62= e _ ml( Z)l mZ) (1218)

m2
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Hence, from Egs. (12.16) and (12.18), the final driveline torque is given by

m1Pm

w

Tml(wml - a)mZ) T, 1
T, 2 = Tel + TeZ = Tml + = = /lel (]219)

m

w

m2 m2

where A is the so-called EVT ratio, which is continuously variable.

Figure 12.12 shows a typical optimal operation line (OOL) of an engine. For a given throttle level «,
which is specified by the accelerator pedal, the optimal engine torque and speed are governed by two
functions:

T, =fr(@) (12.20)

®,,1 = f,(@) (12.21)

When the vehicle operates at point P,, where the required driveline torque and speed are respectively T,
and w,,, point P, is the equivalent engine operating point on the OOL under the condition of constant
power. The EVT controller commands the machine 1 to change the speed by Aw,,. Meanwhile, it com-
mands the machine 2 to change the torque by AT,,. Hence, the engine can operate at its optimal condition
while the vehicle can offer variable driveline torques and speeds.

Similar to other EVT systems, this DR EVT system can offer other operating modes on top of the
aforementioned power-split or EVT mode, namely the electric launch, engine cranking, battery charging,
and regenerative braking:

o In the electric launch mode, the engine does not work and the driveline torque is solely provided by the
machine 2. The system power flow is depicted in Figure 12.13.

e In the engine cranking mode, the machine 1 works as a starter motor whereas the machine 2 does not
work. Because of action and reaction, the direction of rotating field is opposite to the rotational direction
of the inner rotor. As an engine usually has a specific rotational direction, special attention should be
taken into account. Figure 12.14 shows the system power flow during cranking.

e In the battery charging mode, the inner rotor of the machine 1 generates electricity to charge the battery
when the vehicle stops. At that time, the engine power is fully converted into electricity and stored in
the battery. Figure 12.15 shows the system power flow during battery charging.

e In the regenerative braking mode, the machine 2 works as a generator to recover the braking energy.
The corresponding power flow is shown in Figure 12.16.

12.4 Advanced Double-Rotor EVT Systems

Similar to the development of traditional machines, the induction DR machine is being challenged by
other advanced DR machines, such as the permanent magnet (PM) synchronous DR machine and switched
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Figure 12.13 Power flow during electric launch

N
Uy
N
U

mml
T T;| :J

J >
T

Figure 12.14 Power flow during cranking

|

N
Y

< =

—=
lT

Figure 12.15 Power flow during battery charging



Double-Rotor Electric Variable Transmission Systems 353

g > >
g > = > P,
8.3
]
()
= 4 . P T,;z
g > -
P
22
_I_l

=

Figure 12.16 Power flow during regenerative braking

reluctance (SR) DR machine. In addition, there are axial-field DR machines and advanced magnetless DR
machines that are promising for application to EVT systems.

12.4.1 PM DR EVT System

In order to improve the efficiency and power density, the DR machine can adopt the PM synchronous
machine topology. Figure 12.17 shows the system configuration of this advanced PM DR EVT system.
The corresponding machine topology is shown in Figure 12.18 in which there are the stator, outer rotor,
and inner rotor.

Similar to a normal PM synchronous machine, the stator is equipped with the three-phase armature
winding. In addition, similar to a normal outer-rotor PM synchronous machine, the inner rotor is
equipped with the three-phase armature winding. There are two layers of PMs separately mounted on
the inner and outer surfaces of the outer rotor. To ensure the mechanical integrity of the PMs during
high-speed operation, the inner-layer PMs can be surface mounted on the outer-rotor inner surface,

Armature
windings

Driveline
SN, -

Figure 12.17 PM DR EVT system
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while the outer-layer PMs should be inset on the outer-rotor outer surface as shown in Figure 12.19, in
which the bread-loaf-shaped PM can provide more sinusoidal air-gap flux density than that with constant
thickness (Nordlund and Sadarangani, 2002). Also, there are wedges from the outer-layer PM to the iron
at the sides to avoid the undesirable flux leakage at the PM sides.

It should be noted that the inner-layer PMs do not have the problem of mechanical integrity because
they are simply pressed against the outer-rotor inner surface by the centrifugal force.

12.4.2 SR DR EVT System

The SR machine is well known to offer the definite advantages of simple structure, high reliability, and
low manufacturing cost. Inheriting these advantages, the SR DR machine is very suitable for application
to DR EVT in which the operating environment is under high temperature and severe vibration.

Figure 12.20 shows the system configuration of this advanced SR DR EVT system (Cui, Yuan, and
Wang, 2008). The corresponding SR DR machine is shown in Figure 12.21 in which there are the stator,
outer rotor, and inner rotor. Similar to a normal SR machine, the stator has salient poles wound with phase
windings. In addition, similar to a normal outer-rotor SR machine, the inner rotor has salient poles wound
with phase windings. Meanwhile, the outer rotor has salient poles on both the inner and outer surfaces,
but without any windings. Similar to other DR machines, the inner and outer rotors can be considered
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as the machine 1, while the stator and outer rotor are treated as the machine 2. Both the machine 1 and
machine 2 adopt the same pole arrangement, typically 6/4-pole or 8/6-pole.

Since the inner and outer air-gaps of the SR DR machine are small, there may be magnetic coupling
between the inner and outer electromagnetic fields. Figure 12.22 shows its magnetic circuit, where F|
and Fy are the magnetomotive forces (MMFs) of the stator coil per pole; F; and F are the MMFs of the
inner-rotor coil per pole; R,y and R, are the stator yoke reluctance and stator pole reluctance, respectively;
Riy and Rip are the inner-rotor yoke reluctance and inner-rotor pole reluctance, respectively; Roy, Roop,
and R, are the outer-rotor yoke reluctance, outer-rotor outer pole reluctance and outer-rotor inner pole



356 Electric Vehicle Machines and Drives

p. A
r 7 21—
R, R, R R; R;, R;
F, sp oa oop oip ia ip F,
Rsy -Roy - Riy
Fs, Fi,
Rsp Rua’ R Roip Ri} Rip

oop

Figure 12.22 Magnetic circuit of SR DR machine

reluctance, respectively; R , and R;, are the outer air-gap reluctance and inner air-gap reluctance, respec-
tively; y, and y, are the main magnetic flux of the machine 1 and machine 2, respectively. Both R, and
R,, change with the rotor position, and vary periodically between pole-facing-pole and pole-facing-slot.
It can be observed that there are three possible states:

e Parallel magnetic circuits: Both the machine 1 and machine 2 have their individual magnetic circuits,
and their main magnetic fluxes pass the outer-rotor yoke to complete individual magnetic circuit loops.
There is only mechanical coupling, but no magnetic coupling, between the two machines.

o Series magnetic circuits: Neither the machine 1 nor the machine 2 have their main magnetic fluxes
passing the outer-rotor yoke to form a closed magnetic circuit. Hence, their main magnetic fluxes are
virtually the same. In this state, there is strong magnetic coupling between the two machines.

e Parallel-series magnetic circuits: There is a portion of main magnetic fluxes of the machine 1 and
machine 2 passing through the outer-rotor yoke. Thus, there is partial magnetic coupling between the
two machines.

Provided that the reluctance of the outer-rotor yoke is negligible, the magnetic coupling under various
magnetic circuits (parallel, series, or parallel-series) does not significantly influence the main magnetic
fluxes of the machine 1 and machine 2. Consequently, the two machines can be operated separately or
simultaneously.

12.4.3 Axial-Flux DR EVT System

The aforementioned DR EVT systems are all based on the radial-flux morphology. There are two funda-
mental shortcomings of this radial-flux morphology:

e The inner rotor of the DR machine suffers from the difficulty in heat dissipation or cooling.
e The magnetic loading of the DR machine is inherently limited by the tooth size and shape.

By converting the radial-flux morphology into the axial-flux morphology (Lee, Liu, and Chau, 2014),
the resulting axial-flux DR EVT systems can solve the above-mentioned problems. Figure 12.23 shows
the configuration of an axial-flux PM DR EVT in which the left rotor is equivalent to the inner rotor and the
right rotor is equivalent to the outer rotor of a radial-flux counterpart (Eriksson and Sadarangani, 2002).
The left rotor is wound with the three-phase armature winding, and is equipped with three slip-rings. The
right rotor is mounted with two layers of PMs, and is mechanically coupled with the driveline. The stator is
also wound with the three-phase armature winding, which is fed by the generated electricity from the left
rotor via two back-to-back power converters and the battery. The principle of operation of this axial-flux
PM DR EVT is exactly the same as its radial-flux counterpart.

It should be noted that this axial-flux PM DR machine takes the definite advantages of higher torque
density and higher power density than its radial-flux counterpart. In addition, differing from the inner and
outer rotors of the radial-flux DR machine, both the left and right rotors of the axial-flux DR machine can
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Figure 12.23 Axial-flux PM DR EVT system

have better exposure to surroundings, which greatly facilitates the heat dissipation and cooling arrange-
ment. Nevertheless, the axial-flux machine generally has a different space requirement and suffers from
a mounting problem in bearings due to the attractive forces among the stator and two rotors. Additional
rotors or stators can alleviate such problem, but significantly increase the system complexity.

12.4.4 Advanced Magnetless DR EVT System

In recent years, many advanced magnetless machines have been proposed, such as the DSDC machine
(Fan and Chau, 2008), flux-switching DC (FSDC) machine (Tang et al., 2012), vernier reluctance (VR)
machine (Lee, 1963), and vernier reluctance DC (VRDC) machine (Taibi, Tounzi, and Piriou, 2006).
Among them, the DSDC machine is becoming mature for EV and hybrid electric vehicle (HEV) appli-
cations. The DSDC machine takes the definite advantages of higher torque density and higher power
density than the SR machine while retaining the corresponding merits of simple structure, high reliability,
and low manufacturing cost (Lee et al., 2013). Increasingly, because of the controllable DC field cur-
rent, the DSDC machine can online control the air-gap flux to facilitate various HEV operations, such as
flux strengthening for electric launch or engine cranking, flux weakening for high-speed constant-power
operation, and flux tuning for efficiency optimization. Thus, the DSDC DR machine is promising for
application to DR EVT.

Figure 12.24 shows the system configuration of an advanced magnetless DR EVT system, namely the
DSDC DR EVT system. Differing from the SR DR EVT system, there are two additional electrical input
ports in the DSDC DR machine to allow for individual excitations of two DC field windings. Thus, the
DSDC DR machine can be considered as a six-port device, in which there are four electrical ports and
two mechanical ports. Among the four electrical ports, two are the AC armature windings, one located
in the stator and another located in the inner rotor; meanwhile, other two electrical ports are the DC
field windings, again one located in the stator and another located in the inner rotor. Among the two
mechanical ports, one is the inner rotor coupled with the engine while another is the outer rotor connected
to the driveline.

The structure of the DSDC DR machine is shown in Figure 12.25, which consists of a stator, an outer
rotor, and an inner rotor. Similar to the SR DR machine, the stator has salient poles wound with phase
windings while the inner rotor also has salient poles wound with phase windings. Differing from the SR
DR machine, the stator and inner rotor have equipped with individual DC field windings. The outer rotor
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has salient poles on both the inner and outer surfaces. Similar to other DR machines, the inner and outer
rotors can be considered as the machine 1, while the stator and outer rotor are treated as the machine
2. Both the machine 1 and machine 2 adopt the same pole arrangement, such as 6/4-pole, 8/6-pole, or
12/8-pole.

While appreciating the advantages of the DSDC DR machine over the SR DR machine, there is a key
drawback that the DSDC DR machine needs an additional pair of brushes and slip-rings to enable feeding
the DC current into the inner rotor. Thus, this DSDC DR machine preferably adopts the three-phase
arrangement, such as 6/4-pole or 12/8-pole, rather than the four-phase arrangement so that the number of
brushes and slip-rings can be minimized.
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Similar to the SR DR machine, the DSDC DR machine involves small inner and outer air-gaps, which
may cause magnetic coupling between the inner and outer electromagnetic fields. Thus, the outer-rotor
yoke needs to be properly designed. Provided that the reluctance of the outer-rotor yoke is low, the mag-
netic coupling does not significantly influence the main magnetic fluxes of the machine 1 and machine 2.
Consequently, the two machines can be operated separately or simultaneously.

12.5 Design Criteria of DR EVT Systems

The DR EVT system is composed of three key components: the DR machine to perform the desired
power-split as well as to provide motoring and generating, the back-to-back converters to provide con-
trolled rectification and inversion for power flow regulation, and the battery pack for energy storage and
buffering. Among them, as reflected by their specific names, such as the induction DR EVT, PM DR EVT,
or SR DR EVT, the key component of DR EVT systems is the DR machine.

The system design criteria of these DR EVT systems for the full hybrids, no matter what kinds of DR
machines adopted, are summarized as follows:

e The desired driveline torque and power for various vehicular operations should be satisfied by the
summation of torques and powers provided by the engine and motor.

e The inner rotor (or the left rotor in case of the axial-flux morphology) of the DR machine should be
able to split the engine power from no load to full load. Particularly, the slip-rings of the inner rotor
(or left rotor) and the associated brushes must be able to withstand the split power and the maximum
rotational speed.

e The power-split capability of the DR machine should enable the engine working on the OOL throughout
the whole operating range.

e The power-handling capacity of the two back-to-back converters should be able to fully extract the split
power and fully fulfill the power requirement for motoring.

e The battery capacity or state-of-charge (SOC) should enable the system to absorb the split power and
also the regenerative braking energy.

Being the key component of DR EVT systems, the DR machine needs to be designed with special
considerations. Magnetically, the outer-rotor yoke (or right-rotor yoke) should be properly designed in
such a way that the corresponding reluctance is low enough; otherwise, the two machines cannot be
independently operated and their operations will affect one another. Thermally, the inner rotor inherently
suffers from the problem of heat dissipation, which needs special cooling facilities; in contrast, the left
rotor of the axial-flux morphology will have better heat dissipation. Structurally, the whole DR machine
involves two air-gaps with two rotating bodies spinning at different speeds, which desires robust structures
and high-precision manufacturing. In particular, the slip-rings and the associated brushes degrade the
overall mechanical integrity. Therefore, after the initialization of machine parameters according to the
design criteria of relevant machines, the detail design has to adopt iterative multi-physics finite element
analysis in which the magnetic field, thermal field, and structural calculations are iteratively carried out
to satisfy the desired performances.

12.6 Design Example of DR EVT Systems

By adopting different types of DR machines, different types of DR EVT systems can be resulted. As
mentioned earlier, the most basic and relatively mature one is the induction DR EVT system, whereas the
advanced ones include the PM, SR, axial-flux, and magnetless counterparts. As the advanced magnetless
machines are becoming attractive for HEV applications, the DSDC DR EVT system is adopted for design
exemplification.
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12.6.1 DSDC DR EVT System Configuration

The configuration of the DSDC EVT system has been depicted in Figure 12.24. The structure of the
DSDC DR machine has also been shown in Figure 12.25 in which the inner rotor and outer rotor are
considered as the machine 1, while the stator and outer rotor are treated as the machine 2. The system
splits the engine power into two paths as depicted in Figure 12.26. One path directly feeds the driveline
via the inner rotor and outer rotor, while another goes through the inner rotor, controlled rectifier, battery,
inverter, stator, and outer rotor. These two main power flow paths are essentially bidirectional. Meanwhile,
both the stator and inner rotor are fed by additional DC field currents via two separate DC-DC converters.
As these DC field currents are for air-gap excitations, the corresponding power flows are unidirectional.
By properly controlling the controlled rectifier and inverter as well as the two DC-DC converters, this
DSDC DR EVT can offer the following features:

e The engine can always work on the desired OOL for the EVT operation mode. Other modes of opera-
tion, including the idle stop-start, electric launch, and regenerative braking, can also be provided.

e The flexibility of DC field current control and hence the flux control at both the inner and outer air-gaps
can greatly facilitate the flux strengthening to boost up the torque for engine cranking and electric
launch as well as the flux weakening to enable wide-range constant output voltage for battery charging.
Additionally, these air-gap flux densities can be online tuned to achieve efficiency optimization under
various operations.

e The drawbacks of mechanical gearing such as the transmission loss, gear noise, and need for regular
lubrication can be totally eliminated. In addition, as the double-rotor machine performs both power-split
and power summation, it essentially combines the functions of planetary gear, generator, and motor of
the PG EVT system so that this DR EVT system has significantly smaller size and lighter weight than
its PG EVT counterpart.

12.6.2 DSDC DR Machine Design

The core component of this DSDC DR EVT system is the DSDC DR machine. On the basis of the require-
ments of a typical passenger HEV, the specifications of the DSDC DR machine are listed in Table 12.1
in which the inner and outer rotors are considered as the machine 1, while the stator and outer rotor are
considered as the machine 2. On the basis of the specifications, the DSDC DR machine is designed as
shown in Figure 12.27, and its key parameters and geometric dimensions are listed in Table 12.2.

12.6.3 DSDC DR Machine Analysis

By using finite element analysis, the electromagnetic field distributions of the DSDC DR machine can
readily be determined. Figure 12.28 shows the electromagnetic fields when the machine 1 (inner machine)
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Figure 12.26 Power flow paths in DSDC DR EVT system
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Table 12.1 Specifications of DSDC DR machine

Machine 1
Rated power 8kW
Maximum speed 10000 rpm
Machine 2
Rated power 12kW
Rated torque 100N m
Constant-torque operation 0-1200 rpm
Constant-power operation 1200-6000 rpm
Stator
DC field

windings

Outer
rotor

Inner
rotor

Armature
windings

Figure 12.27 DSDC DR machine

Table 12.2 Key parameters and dimensions of DSDC DR machine

Number of phases in stator 3
Number of salient poles in stator

Number of stator armature turns per phase 15
Number of stator DC field turns per phase 20
Number of doubly-salient poles in outer rotor 4
Number of phases in inner rotor 3
Number of salient poles in inner rotor 6
Number of inner-rotor armature turns per phase 8
Number of inner-rotor DC field turns per phase 12
Stator outside diameter 300 mm
Stator inside diameter 241 mm
Outer-rotor outside diameter 240 mm
Outer-rotor inside diameter 120 mm
Inner-rotor outside diameter 119 mm
Inner-rotor inside diameter 40 mm
Outer air-gap length 0.5 mm
Inner air-gap length 0.5 mm

Effective axial length 350 mm
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Figure 12.28 Electromagnetic field distributions of DSDC DR machine: (a) machine 1, (b) machine 2, and
(c) both machine 1 and machine 2

and machine 2 (outer machine) run separately and simultaneously under the rated DC field current of
5 A/mm?. It can be observed that both the machine 1 and machine 2 operate similarly with the magnetic
flux lines focusing on the relevant pole tips. Since the DR machine, including the machine 1 and machine
2, is designed in such a way that the outer-rotor yoke is thick enough, technically low reluctance enough,
it can be seen that there is no noticeable electromagnetic coupling between the machine 1 and machine
2. Thus, they can independently work at different modes of operation.

As mentioned earlier, the machine 1 and machine 2 of the DSDC DR machine can operate independently
without affecting one another. To analyze the torque capability of the machine 2, the armature winding
and DC field winding of the stator are fed with various currents while the inner rotor is unexcited and
kept stationary. Figure 12.29a and b shows the outer-rotor torque-angle characteristics when the armature
current is varied and the DC field current is kept at the rated value of 5 A/mm?2, and when the DC field
current is varied and the armature current is kept at the rated value of 5 A/mm?, respectively. It can be
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Figure 12.29 Torque-angle characteristics of machine 2: (a) various armature currents and (b) various DC
field currents

observed that when the DC field current is kept at the rated value, the average torque at the rated armature
current can reach the desired value of 100 N m. Meanwhile, it can also be observed that the DC field current
can effectively adjust the developed torque, which is very useful to temporarily boost up the starting torque
for engine cranking or electric launch.

Similarly, in order to assess the torque capability of the machine 1, the armature winding and DC field
winding of the inner rotor are fed with various currents while the stator is unexcited and the outer rotor is
kept stationary. Figure 12.30a and b shows the inner-rotor torque-angle characteristics when the armature
current is varied and the DC field current is kept at the rated value of 5 A/mm? and when the DC field
current is varied and the armature current is kept at the rated value of 5 A/mm?, respectively. It can be found
that when the DC field current is kept at the rated value, the average torque at the rated armature current
can reach 30 N'm. Similarly, the DC field current can help adjust the developed torque. It should be noted
that the machine 1 normally operates as a generator, rather than a motor, to help split the engine power.

Since the inner rotor of the DR machine is directly coupled with the engine, the machine 1 normally
operates as a generator. To evaluate the generation characteristics of the machine 1, the inner rotor is
driven by the engine while the stator is unexcited and the outer rotor is kept stationary. Figure 12.31a
and b shows the generated electromotive forces (EMFs) when the engine speed varies from zero to the
maximum speed while the DC field current is fixed at the rated value of 5 A/mm? and when the DC field
current is varied while the engine speed is kept at 5000 rpm, respectively. It can be found that when the DC
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Figure 12.30 Torque-angle characteristics of machine 1: (a) various armature currents and (b) various DC
field currents

field current is kept at the rated value, the generated EMF can reach 280 V at 5000 rpm. Meanwhile, the
variation of DC field current can help adjust the generated EMF linearly, which is very useful to maintain
the generated EMF for effective battery charging over a wide speed range.

12.7 Potential Applications of DR EVT Systems in HEVs

The aforementioned DR EVT systems, no matter what types of electric machines adopted, all rely on
using double rotors to split the engine power in which the electrical power generated by the inner rotor is
controlled via the slip-rings and brushes. The slip-rings and brushes inevitably cause reliability concern
and need regular maintenance. These drawbacks cannot enable the DR EVT system really outperform-
ing its PG EVT counterpart for application to HEVs. In fact, they have their individual advantages and
disadvantages.

In recent years, there have been some attempts to get rid of these slip-rings and brushes, such as the
use of an additional stator to capture the split power from the inner rotor being driven by the engine.
This additional stator can be cascaded with the original stator along the driveline (Zheng et al., 2013)
or located inside the inner rotor (Niu, Ho, and Fu, 2013). These kinds of double-stator double-rotor
arrangements will definitely make the system very complicated, deteriorating their realistic application
to HEVs.



Double-Rotor Electric Variable Transmission Systems 365

600
500

400

No-load EMF (V)
g el
8 8

=
=3

(=]
=]

2000 4000 6000 8000 10000
Engine speed (rpm)
(@

360

300

240

180

120

No-load EMF (V)

L=
=1

0 1 2 3 | 5 6
DC field current (A/mm?)
(b)
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13

Magnetic-Geared Electric Variable
Transmission Systems

The key of electric variable transmission (EVT) systems for hybrid electric vehicles (HEVs) is the
power-split device. The planetary gear is the most commonly adopted power-split device. However,
it suffers from the problems of transmission loss, gear noise, and need for regular lubrication. The
double-rotor (DR) machine is a newly introduced gearless power-split device. However, it requires
brushes and slip-rings, which are less reliable and incur need for regular maintenance. In order to
overcome these drawbacks, a new class of magnetic-geared electric variable transmission (MG EVT)
systems has been developed based on contactless magnetic gears, which can offer the definite advantage
of brushless and pseudo-gearless power-split operation.

In this chapter, the MG EVT systems for HEVs, including the system configurations and multi-port
magnetic gears as well as the magnetic planetary-geared (MPG) and magnetic concentric-geared (MCG)
types, are discussed. The corresponding design criteria, design example, and potential applications are
also presented.

13.1 System Configurations

The planetary-geared electric variable transmission (PG EVT) system makes use of planetary gearing to
split the engine power into two parts: one part is mechanically coupled with the driveline via the ring
gear; another part is electrically connected to the driveline via the sun gear, generator, controlled rectifier,
battery, inverter, and motor. The system is depicted in Figure 13.1. Because of the use of planetary gear, it
inevitably suffers from transmission loss, gear noise, and need for regular lubrication as well as backlash
and misalignment. In addition, the system involving physical combination of a planetary gear and two
machines is heavy and bulky.

The DR EVT system utilizes an electric machine with two rotors to split the engine power into two
parts: one part is to mechanically propel the driveline via the outer rotor of the DR machine; another part
is to electrically feed the driveline via the inner rotor of the DR machine, controlled rectifier, battery,
inverter, and stator of the DR machine. The corresponding system is depicted in Figure 13.2. Even though
the planetary gear and hence the associated problems can be completely eliminated, it suffers from other
problems because of the use of brushes and slip-rings. That is, the brushes desire regular maintenance
while the slip-rings degrade the system reliability. Nevertheless, as compared with the PG EVT system,
the DR EVT system facilitates the system integration, leading to use a single electric machine to perform
the desired power-split and then the power summation along the driveline.

Electric Vehicle Machines and Drives: Design, Analysis and Application, First Edition. K. T. Chau.
© 2015 John Wiley & Sons (Asia) Pte Ltd. Published 2015 by John Wiley & Sons (Asia) Pte Ltd.
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Figure 13.1 Planetary-geared EVT system configuration
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Figure 13.2 Double-rotor EVT system configuration

In recent years, the development of magnetic gears has been very promising. Compared with the
mechanical gears, the magnetic gears have the advantages of high transmission efficiency, high relia-
bility, no maintenance, and inherent overload protection capability. With the use of rare-earth permanent
magnets (PMs), the magnetic gears can achieve a torque density over 100 kN/m?, which is comparable
with the mechanical counterparts. Therefore, by using a magnetic gear that is composed of the PM inner
rotor, modulation ring, and PM outer rotor to supersede the planetary gear of the PG EVT system, the
resulting MG EVT system can offer the definite advantage of brushless and pseudo-gearless power-split
operation. Hence, the mechanical gear problems of PG EVT and the brush and slip-ring problems of
DR EVT can be fundamentally solved. The system configuration of this MG EVT system is depicted in
Figure 13.3.

Engine
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Figure 13.3 Magnetic-geared EVT system configuration
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Furthermore, the magnetic gear can readily be fused with an electric machine to form a magnetic-geared
(MG) machine. Thus, it is possible to further integrate the magnetic gear with the two machines to form
a single electric machine to perform the desired power-split and power summation. The system configu-
ration of this integrated MG EVT system is depicted in Figure 13.4.

13.2 Multi-port Magnetic Gears

In order to perform the power-split, the magnetic gear needs to offer multiple mechanical ports. For MG
EVT application, the magnetic gear should have an input mechanical port coupled with the engine and
two output mechanical ports to divert the engine power. One of the output mechanical ports can also be
integrated with an electric machine to become an electrical port. There are two major types of multi-port
magnetic gears: magnetic planetary gear and magnetic concentric gear.

13.2.1 Magnetic Planetary Gears

By applying the concept of magnetic gearing to a mechanical planetary gear, the resulting magnetic
planetary gear can inherit the multi-port feature from the mechanical planetary gear as well as the
advantages of low transmission loss, silent operation, and no maintenance from the magnetic gear
(Huang et al., 2008).

Figure 13.5 shows the schematic of a magnetic planetary gear in which there are the magnetic sun gear,
magnetic planet gears, carrier, and magnetic ring gear. The torque transmission between those magnetic
gears is based on rare-earth PMs, rather than mechanical gear teeth. Because of the finite number of PM
pole-pairs, which is usually much lower than the possible number of mechanical gear teeth, the design of
magnetic planetary gears should be careful. In general, the more the number of magnetic planet gears, the
higher the torque density of the whole magnetic planetary gear can be achieved. Hence, it can achieve the
torque density up to about 100 kN m/m?>.

The geometric model of this magnetic planetary gear is shown in Figure 13.6. Since the pole pitch of
each magnetic gear within the magnetic planetary gear must be the same, it yields

RO, =R,0,=R,0, (13.1)

where R, R,, and R, are the radii of the magnetic sun gear, magnetic planet gear, and magnetic ring
gear, respectively, and 0, 0,, and 6, are the angular pole pitches of the magnetic sun gear, mag-
netic planet gear, and magnetic ring gear, respectively. These angular pole pitches can be written as
0,=2n/P, 0,=2x/P,, and 0, =2z /P, where P, P, and P, are the numbers of pole-pairs of the

s
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Figure 13.5 Magnetic planetary gear

Figure 13.6 Geometric model of magnetic planetary gear

magnetic sun gear, magnetic planet gear, and magnetic ring gear, respectively. Meanwhile, their radii are
related by
R, =2R,+R; (13.2)

By using Eqgs. (13.1) and (13.2), their pole-pairs are related by
P, =2P,+ P, (13.3)

Once the pole-pair numbers of these magnetic gears are set, the corresponding angular pole pitches can
be determined accordingly. Then, the gear radii can be deduced, which should include an allowance for
the air-gap between the magnetic gears. That is, the radii should include half the air-gap length between
the magnetic gears.
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Since the number of magnetic planet gears is the key parameter to govern the torque density of the whole
magnetic planetary gear, there is a procedure (Huang et al., 2008) to determine the maximum number of
magnetic planet gears:

o After setting the pole-pair ratio between the magnetic sun and ring gears, it is simplified to deduce the
natural numbers a and b as governed by

a
- 13.4
P b a, beN (13.4)

r

e Having deduced a and b, the possible maximum number NI'7 of magnetic planet gears is given by

, 2P,
N, = 5 (13.5)
e Then, the actual maximum number N, of magnetic planet gears is determined by
_ N, %fa and b are odd (13.6)
p N}/2 ifa or b iseven

While increasing the number of magnetic planet gears can improve the overall torque density, it may not
be necessary to install the maximum number of magnetic planet gears because there is a drawback that
the cogging torque will also be increased.

On the basis of the same derivation as the mechanical planetary gear, the speed relationship of the
magnetic planetary gear can be written as

o, =1 +p) o, - po, (13.7)
_ b (13.8)
r=3 :

where w,, w_, and w, are the angular speeds of the magnetic sun gear, carrier, and magnetic ring gear,
respectively, and p is defined as the magnetic planetary gear ratio. This relationship is essentially the same
as that of the mechanical planetary gear except that the mechanical gear teeth are replaced by the magnetic
gear PM poles.

Consequently, this magnetic planetary gear can directly replace the mechanical planetary gear to gen-
erate the MG EVT system. That is, the magnetic sun gear is coupled with an electric machine, which
is normally operating as a generator; the magnetic ring gear is coupled with another machine, which is
normally operating as a motor; and the carrier is driven by an engine. The operating principle and control
strategy are the same as the PG EVT system.

13.2.2  Magnetic Concentric Gears

The invention of magnetic coaxial gear is a milestone for the development of magnetic gears (Atallah,
Calverley, and Howe, 2004). This magnetic coaxial gear can offer much higher torque density than the
magnetic spur gear (Jian et al., 2009). The key characteristic of this coaxial configuration is that all PMs
are involved in the torque transmission at the same time, hence achieving a high torque density up to
150 kN m/m?. This magnetic coaxial gear is depicted in Figure 13.7 in which the inner and outer parts
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Figure 13.7 Magnetic coaxial gear

are mounted with PM pieces contributing to different numbers of pole-pairs, and the middle part is made
of ferromagnetic segments, which serves to modulate the magnetic fluxes between the two PM parts. In
general, this magnetic coaxial gear has two possible operations (Frank and Toliyat, 2009):

e The middle part is arranged as a stationary modulation ring so that the inner and outer parts are two
PM rotors that rotate in opposite directions as shown in Figure 13.8a. This is actually the most com-
mon operation of the magnetic coaxial gear. The gear ratio G of inner-rotor to outer-rotor speeds is
given by

P, N,—P,
G=—0= S !
P. P.

1 1

(13.9)

where P; and P, are the numbers of PM pole-pairs in the inner rotor and outer rotor, respectively, and
N; is the number of ferromagnetic segments in the modulation ring.

e The outer part is kept stationary so that the inner PM rotor and the modulation ring rotate in the
same direction as shown in Figure 13.8b. The gear ratio G’ of inner-rotor to modulation-ring speeds is
given by

N, P;+P,

G ==
P. P.

2 l

(13.10)

(a) (b)

Figure 13.8 Magnetic coaxial gear operations: (a) modulation ring fixed and (b) outer rotor fixed
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Figure 13.9 Magnetic concentric gear

Since all three parts of the magnetic coaxial gear are all rotatable, it can be considered as a multi-port
magnetic gear. In order to distinguish it from the conventional magnetic coaxial gear, where the ferro-
magnetic ring is usually stationary, this multi-port magnetic gear is called the magnetic concentric gear.
Figure 13.9 shows the schematic of the magnetic concentric gear where all parts are rotary and their speeds
defined with the same direction are governed by

o, +Gw,—(1+Gw, =0 (13.11)

where w; is the inner-rotor speed, w,, is the outer-rotor speed, and w, is modulation-ring speed. When
ignoring the transmission loss within the magnetic concentric gear, the torques are related by

Tiw,+T,w,+T.®w, =0 (13.12)
T,+T,+T.=0 (13.13)

where T; is the inner-rotor torque, 7, is the outer-rotor torque, and 7, is the modulation-ring torque.

13.3 Magnetic Planetary-Geared EVT System

By replacing the mechanical planetary gear with the magnetic planetary gear, the MPG EVT can readily
be deduced. Since the magnetic planetary gear is cylindrical and coaxial, it can readily be integrated into
the PM brushless machine. Figure 13.10 shows the MPG EVT system for the full hybrids in which the
magnetic planetary gear is combined with the PM brushless machine to form a single machine (Zhu et al.,
2012), the machine 2. It can be observed that the engine is coupled with the rotor of the machine 1 and the
magnetic sun gear of the machine 2. The machine 1 normally operates as a generator, while the magnetic
planet gears of the machine 2 is attached to the driveline via the carrier. Meanwhile, the magnetic ring
gear of the machine 2 is controlled by the stator winding. Thus, the engine power is split into two parts:
one part is converted by the machine 1 into electricity, which in turn feeds the stator of the machine 2 via
two back-to-back converters and the battery; another part is to directly feed the driveline via the magnetic
planetary gear. Thus, the engine can always work at its optimal operation line under varying road load.
Figure 13.11 shows the structure of MPG PM brushless machine in which the magnetic planetary gear
is artfully integrated into the PM brushless machine to achieve a compact structure. It consists of a stator
wound with armature winding and various rotatable parts: the compound rotor, magnetic sun gear, carrier,
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Figure 13.11 Magnetic planetary-geared PM brushless machine

and magnetic planet gears. The compound rotor, which has PM pieces on both the inner and outer surfaces,
simultaneously serves as the rotor of the PM brushless machine and magnetic ring gear. The carrier is
coupled with four magnetic planet gears so that the magnetic planet gears can revolute around the magnetic
sun gear at the same time while the carrier serves as a mechanical output port. The stator develops torque
on the compound rotor in the same way as the conventional PM brushless machine.

By using Egs. (13.7) and (13.8), the carrier speed of the MPG PM machine can be expressed in terms
of the magnetic sun gear speed and magnetic ring gear speed as given by

P, P,
o, = - w, + , (13.14)
P, + P, P, +P,

It can also be written in terms of the magnetic planetary gear ratio:

1 p
=—w+— 13.15
a)L‘ ]+pa)Y l+pwr ( )
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Since the magnetic sun gear speed can be electrically controlled by the machine 1 (generator) and the
magnetic ring gear speed can also be electrically controlled by the machine 2 (motor), the carrier speed
and hence the driveline speed can be flexibly controlled for different modes of operation:

e In the power-split mode, the torque and speed of the magnetic sun gear and the magnetic ring gear are
in opposite directions, hence both the engine and PM brushless machine simultaneously deliver power
to the carrier and hence the driveline. Their speed relationship is governed by Eq. (13.15). This mode
is particularly useful for the vehicle to achieve the desired acceleration and hill-climbing capability.

e In the electric launch mode, the engine is shut down and the vehicle is solely driven by the PM brushless
machine. Thus, substituting «w, =0 in Eq. (13.15), the driveline speed (carrier speed) becomes directly
proportional to the composite rotor speed (magnetic ring gear speed) as given by

w,=—L—a, (13.16)
1+p
which indicates that the driveline speed is slightly lower than the composite rotor speed and hence the
driveline torque is somewhat amplified.
e In the cruising mode, the PM brushless machine is off and the vehicle is solely driven by the engine
operating at a constant speed. Thus, substituting w, =0 in Eq. (13.15), the driveline speed (carrier
speed) becomes directly proportional to the engine speed (magnetic sun gear speed) as given by

1
which indicates that the driveline speed is significantly lower than the engine speed and hence the
driveline torque is greatly amplified.
e In the regenerative braking mode, the engine is shut down and the PM brushless machine operates as
a generator to produce a braking torque, which in turn reduces the vehicle speed. Thus, the braking
energy is converted into electricity by the PM brushless machine to charge the battery.

13.4 Magnetic Concentric-Geared EVT System

By replacing the mechanical planetary gear with the magnetic concentric gear, the MCG EVT system
can be deduced. Serving as a power-split device, the magnetic concentric gear possesses three rotational
mechanical ports. Thus, how to connect the engine to the input mechanical port as well as two electric
machines to the output mechanical ports is essential for this EVT system. Figure 13.12 describes two
possible configurations of this MCG EVT system: Type I and Type II (Jian and Chau, 2009a). In Type
I, the PM inner rotor serves as an input port, which is coupled with the engine; the PM outer rotor is an
output port, which is connected to the machine 2 and driveline shaft; and the modulation ring serves as
another output port, which is connected to the machine 1. On the other hand, in Type II, the modulation
ring is the input port, which is coupled with the engine; the PM outer rotor is an output port, which is
connected to the machine 2 and driveline shaft; and the PM inner rotor is another output port, which is
connected to the machine 1.

The system dynamical equations of the outer-rotor shaft for both Type I and Type II are the same as
given by

7,=T,,+T, (13.18)
dw,
Tad—Td=Jd7 (13.19)
dw,
T,,+T,,=1/ (13.20)

m2 dt
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Figure 13.12 Possible configurations of magnetic concentric-geared EVT system: (a) Type I and (b) Type 1I

where T, and T, are the components of T, on the machine 2 shaft and driveline shaft, respectively; 7,,,
and T, are the output torque of machine 2 and load torque of driveline, respectively; and J,; and J,, are
the inertias of driveline shaft and machine 2 shaft, respectively.

The system dynamical equations of the modulation ring and inner-rotor shafts for Type I are
given by

do,
T+ Ty = Iy — - (13.21)
Tyt =% (13.22)
e 13 e dt

where 7,,, and T, are the output torques of the machine 1 and engine, respectively and J,,; and J, are
the inertias of machine 1 shaft and engine shaft, respectively. On the other hand, the system dynamical
equations of the modulation ring and inner-rotor shafts for Type II are given by

do,
T,+7T, = Jg? (13.23)
dow;
T,+T7T, =J, n (13.24)

For each type of configurations, the directions of the engine shaft and driveline shaft can be designed
with the same direction or opposite directions. There are four possible cases:

e Case IA: Type I is adopted, and the directions of the engine shaft (w,) and driveline shaft (w,) are
designed with the same direction.

e Case IB: Type I is adopted, and the directions of the engine shaft (w;) and driveline shaft (w,) are
designed with the opposite directions.
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e Case IIA: Type II is adopted, and the directions of the engine shaft (®,) and driveline shaft (w,) are
designed with the same direction.

e Case IIB: Type II is adopted, and the directions of the engine shaft (®,) and driveline shaft (@,) are
designed with the opposite directions.

As mentioned above, the goal of EVT is to satisfy the demands of the driveline and keep the engine
working on the optimal operation line. For simplicity, an optimal operation point (OOP) is chosen for the
engine and different working points of the driveline are investigated. Figure 13.13 marks the selected OOP
(3000 rpm, 50 N'm) for the engine and six typical working points for the driveline: W, (500 rpm, 320 N'm),
W, (700 rpm, 210 N'm), W5 (900 rpm, 190 N m), W, (1100 rpm, 130N m), W5 (1300 rpm, 100 N m), and
We (1500 rpm, 80 N'm), while the corresponding powers are also plotted as a bar chart. It can be seen
that the battery will assist the engine to supply power to the driveline for the working points W, and Wj,
whereas the engine will charge the battery with the redundant power for the working points W,, W,, Ws,
and W,

By using Eqgs. (13.11)—(13.13) and (13.18)—(13.24), the operation points of the two machines can be
calculated under the OOP of the engine and different working points of the driveline. Consequently, the
results with different gear ratios of inner-rotor to outer-rotor speeds (G =1, 2, and 3) are illustrated in
Figures 13.14-13.16, respectively. It can be found that in both the Case IA and Case IB, the machine 1
works at low speeds and high torques. Thus, this machine 1 has to adopt the low-speed high-torque design
which causes bulky machine size and high current rating, leading to be unattractive for HEV application.
In contrast, in both the Case IIA and Case IIB, the machine 1 works at the low-torque and high-speed
ranges. This machine 1 can adopt the high-speed low-torque design to reduce the weight and minimize
the size, which are highly desirable for HEV application. Comparing the two cases of Type II, it can be
observed that the Case IIA is more preferable, since the machine 2 in the Case IIA has lower operating
torque than that in the Case IIB, and the operating speed of the machine 1 in the Case ITA is more suitable
than that in the Case IIB. Referring to the gear ratio, the larger the value of G, the lower the operating
torque and higher the operating speed of the machine 1 are resulted.

Consequently, the MCG EVT system adopts the Type II configuration and selects the Case IIA arrange-
ment. That is, the engine is coupled with the modulation ring, the inner rotor is connected to the machine 1,
and the outer rotor is connected to the machine 2 and driveline shaft, while the engine and driveline shafts
are with the same direction. As shown in Figure 13.17, the armature windings of the two machines are
electrically connected via two back-to-back converters and a battery.

350

N W
S wno
oo o
o
>
»
B

150 F

1{)0: aWs OOP u

L W W;
L ‘f W, ‘ Wy W W
‘ ‘ |

500 1000 1500 2000 2500 3000
Speed (rpm)

Torque (Nm)

Power (kW)
cwavhnn 2

0oP

T

Figure 13.13 Optimal operation and working points of magnetic concentric-geared EVT system
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Figure 13.14 Operating points of magnetic concentric-geared EVT system under G = 1: (a) machine 1 and
(b) machine 2

For launching or low-speed crawling, the engine is turned off to avoid low-efficiency operation, and the
vehicle works at the pure electric mode. Since the engine is off, the modulation ring is always kept still,
and the magnetic concentric gear works as a fixed-ratio gear. Thus, the vehicle can be solely propelled by
the machine 1. Once the demand of output torque of the driveline exceeds the capability of the machine
1, the machine 2 will be turned on to offer assistance.

For EVT operation, both the engine and machines work together in such a way that the following three
goals can be satisfied:

e The required driveline torque and power can be fulfilled.
e The engine can always work on the optimal operation line.
e The battery capacity or state-of-charge (SOC) can be maintained.
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Figure 13.15 Operating points of magnetic concentric-geared EVT system under G =2: (a) machine 1 (b)
machine 2

Figure 13.18 shows the control block diagram of this MCG EVT system. Firstly, the torque and power
demands of the driveline are calculated according to the accelerator command, brake command, and
vehicle speed. Then, the throttle angle reference, a* of the engine is deduced from the predefined optimal
operation line. The adopted throttle angle is governed by the SOC of the battery. If the SOC level is lower
than its rated value, the adopted throttle angle should be increased by A, and the redundant power pro-
duced by the engine will be used to charge the battery; otherwise, if the SOC level is higher than its rated
value, the adopted throttle angle should be decreased by Aa, and the battery will discharge power to assist
the engine. Next, the working points of the engine and the two machines can be determined. Finally, the
resulting reference signals are fed into the machine controller to generate proper switching signals for the
relevant converters.
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Figure 13.16 Operating points of magnetic concentric-geared EVT system under G =3: (a) machine 1 (b)
machine 2

13.5 Design Criteria of MG EVT Systems

The MG EVT systems, including the MPG and MCG types, are very similar to the conventional PG EVT
system in terms of system components. That is, they consist of a multi-port gear to perform power-split,
two electric machines to provide motoring and generating, two back-to-back converters to provide con-
trolled rectification and inversion for power flow regulation, and a battery pack for energy storage and
buffering. The system design criteria of these MG EVT systems can be summarized as follows:

e The required driveline torque and power through the whole operation should be satisfied by the sum-
mation of torques and powers provided by the engine and motor.

e The magnetic gear should be able to split the engine power from no load to full load. In particular, the
torque transmission capability of the magnetic gear must be able to withstand the maximum engine
torque; otherwise, the phenomenon of magnetic torque slipping (Chau et al., 2008) will be resulted.



Magnetic-Geared Electric Variable Transmission Systems

381

Machine 2 rotor

Machine 2 stator

Gear modulation ring

J

Machine 1 stator

PM pole

J

=
-

Q] [al

J

V)

Machine 1
rotor

(Gear outer rotor)
PM
pole ™
Driveline
Engine | ol
shaft S— S E—
Gear inner
rotor 7
PM pole Armature windings
=~ € >
L] = T =
Converter 2 Battery

Converter 1

Figure 13.17 Structure of magnetic concentric-geared EVT system

Accelerator Torque demand
:q calculation

Brake
Vehicle

Y

Y

Power demand

calculation

Throttle angle
- 3
calculation

speed

Machine working

/
la=a"-Aa | [a=a"+Aa |

point calculation

y

Engine working
point calculation

Machine controller |—>Switching signals

Figure 13.18 Control block diagram of magnetic concentric-geared EVT system

e The power-split capability of the machine operating as a generator should enable the engine working
on the optimal operation line under normal operation.
e The power-handling capacity of the two back-to-back converters should be able to fulfill the power-split

capability.

e The battery capacity or SOC should enable the system to absorb the excessive energy from the
power-split process and also the recovered energy from regenerative braking.

‘While most of the system components of the MG EVT systems, including the magnetic gears, machines,
and converters can be designed based on their individual design criteria, it is challenging to integrate the
magnetic gear with the two machines to form a single MG machine. Magnetically, the magnetic fluxes of
the three magnetic devices (magnetic gear, motor, and generator) should be decoupled as far as possible;
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otherwise, their operating performances will be influenced by one another. Thermally, since the three
magnetic devices are concentrically located, the inner device (normally the generator) generally suffers
from the difficulty in heat dissipation, which needs specially cooling facilities; otherwise, the tempera-
ture increase will cause thermal instability or even thermal demagnetization of the rare-earth PMs (Chen
et al., 2012). Structurally, the integrated machine involves multiple air-gaps with multiple rotating bodies
spinning at high speeds, which desires robust structures and high-precision manufacturing. Therefore,
the design of these integrated MG machines has to adopt iterative multi-physics finite element analysis
in which the magnetic field, thermal field, and structural analyses are iteratively conducted to satisfy the
performance requirements.

13.6 Design Example of MG EVT Systems

There are two kinds of MG EVT systems that have been developed for HEVs, namely the MPG and
MCG ones. The former takes advantage of direct analogy with the mechanical PG EVT system, but
suffers from the drawback that the magnetic planetary gear cannot fully utilize all PMs for torque trans-
mission. In contrast, the latter is structurally simple, and can simultaneously utilize all PMs for torque
transmission. Meanwhile, the magnetic concentric gear is more suitable for machine integration since all
its rotating parts are with the concentric axis. Thus, the integrated MCG EVT system is adopted for design
exemplification.

13.6.1 MCG EVT System Configuration

Figure 13.19 shows the configuration of the MCG EVT system. The key is to integrate two electric
machines into the magnetic concentric gear to form a single machine (Jian and Chau, 2010b; Jian et al.,
2011). The structure of this integrated MCG machine is shown in Figure 13.20. It can be observed that the
rotor of the machine 1 has PM pieces on both the inner and outer surfaces, which is also the inner rotor of
the magnetic concentric gear. Similarly, the rotor of the machine 2 has PM pieces on both the inner and
outer surfaces, which is also the outer rotor of the magnetic concentric gear. The stator of the machine 1 is
located in the central space of the magnetic concentric gear, while the stator of the machine 2 is situated
at the peripheral space of the magnetic concentric gear. The engine, which serves as the system input,
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Figure 13.19 Integrated MCG EVT system
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Figure 13.20 Integrated MCG PM brushless machine: (a) gearing arrangement and (b) axial arrangement

is coupled with the modulation ring of the magnetic concentric gear. The rotor of the machine 2, which
serves as the system output, is connected to the driveline.

The system offers two paths of power flow to perform power-split as depicted in Figure 13.21. The
modulation ring of the magnetic concentric gear splits the engine power: one directly feeds the driveline
via the outer rotor, while another goes through the inner rotor, stator winding of the machine 1, converter 1,
battery, converter 2, stator winding of the machine 2, and outer rotor. By properly adjusting the switching
modes of the two power converters, this MCG EVT can offer the following advantageous features:

e Seamless match between the vehicle road load and engine optimal operating regime can be achieved,
resulting in a considerable reduction of the fuel consumption and greenhouse gas emission.



384 Electric Vehicle Machines and Drives

L MCG Machine 2
Driveline \J/‘ZD outer rotor @ stator winding

] el

. MCG
|:|' y TE Tt
Engine modulation ring Converter 2

i e ¥

MCG
inner rotor

l: g

Machine 1 : D
stator winding Corixeatert

Fuel tank Battery

Figure 13.21 Power flow paths in integrated MCG EVT system

o All other hybrid features, including the idle stop-start, electric launch, and regenerative braking, can be
retained.

e The drawbacks of transmission loss and acoustic noise, which are aroused from the mechanical contact
mechanism existing in the PG EVT system, can be totally eliminated.

e The drawbacks of reliability and regular maintenance due to the use of brushes and slip-rings existing
in the DR EVT system can be totally eliminated.

e High extent of integration can help improve the transmission efficiency and system reliability, as well
as reduce the overall size and weight.

13.6.2 Integrated MCG Machine Design

The core component of this MCG EVT system is the integrated MCG machine. Since all three magnetic
devices are essentially decoupled from one another, the specifications of this integrated MCG machine are
based on the specifications of individual devices. First, the distribution of the demanded working points
of the driveline can be determined according to the driving cycle and vehicular parameters. Then, the
distribution of the demanded operating points of each machine can be deduced according to the fuel con-
sumption map of the adopted engine and the energy management strategy (Liu and Peng, 2008). Different
magnetic gear ratios can deduce different specifications of the machines. For instance, the magnetic gear
ratio, G =2.6 is selected. The specifications of these two machines are listed in Table 13.1.

The selection of pole-pair numbers of the magnetic concentric gear is dictated by Eq. (13.9). Hence, the
numbers of PM pole-pairs in the inner and outer rotors are selected as P; = 5 and P, = 13, respectively,
and the number of ferromagnetic segments in the modulation ring becomes N, = 18.

Table 13.1 Machine specifications of integrated

MCG EVT system

Machine 1 Rated power 15kW
Rated phase voltage 100V
Rated speed 2500 rpm

Machine 2 Rated power 30kW

Rated phase voltage 100V
Rated speed 950 rpm
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Figure 13.22 Halbach arrays in integrated MCG PM brushless machine

In this integrated machine, the electromagnetic fields of the magnetic concentric gear and the two
machines should be decoupled as far as possible because it may adversely affect the system perfor-
mances. Thus, the concept of Halbach arrays is employed (Jian and Chau, 2009b; 2010a). As shown
in Figure 13.22, each PM pole in the inner rotor is constituted by four PM segments while each PM pole
in the outer rotor is constituted by two PM segments. The corresponding directions of magnetization are
denoted by the arrows. Since the Halbach arrays have the advantage of self-shielding capability, the back
irons of both rotors can be very thin, hence saving the iron material and reducing the size. Meanwhile,
two nonmagnetic shielding layers are separately laid within the two rotors in order to further enhance the
decoupling effect. Moreover, the Halbach arrays can offer more sinusoidal and stronger air-gap flux den-
sity, hence reducing the cogging torque and improving the torque transmission capability of the magnetic
concentric gear, respectively.

For the stators of the two machines, the fractional-slot concentrated windings are adopted (El-Refaie,
2010). Figure 13.23 depicts the armature winding connections of the two machines in which each arma-
ture coil encircles a single stator tooth. That is, the numbers of slots in the stators of the machine 1 and
machine 2 are 12 and 24, respectively. The corresponding numbers of slots per pole per phase are 2/5 and
4/13, respectively. These fractional-slot concentrated windings offer some distinct advantages over the
traditional distributed winding as follows:

It can reduce the end-windings, hence saving the copper material and copper loss in the end region.

It can shorten the machine axial length, hence improving the overall power density.

It can ease the machine manufacture, hence saving the manufacturing cost.

It can facilitate the use of higher slot fill factors.

It can increase the d-axis inductance of the armature winding, hence widening the operating speed
range (El-Refaie and Jahns, 2005).
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Figure 13.23 Winding connections in integrated MCG PM brushless machine: (a) machine 1 and
(b) machine 2

Table 13.2 Key parameters and dimensions of integrated MCG PM
brushless machine

Machine 1 No. of phases 3
No. of stator slots 12
No. of pole-pairs 5
Inside radius of stator 30 mm
Outside radius of stator 86.5 mm
Machine 2 No. of phases 3
No. of stator slots 24
No. of pole-pairs 13
Inside radius of stator 153.5mm
Outside radius of stator 195 mm
Modulation ring No. of ferromagnetic segments 18
Thickness of modulation ring 15 mm
Length of air-gaps 1 mm
Thickness of PMs 6 mm
Thickness of shielding layers 4 mm
Thickness of back iron of rotors 4 mm
Effective axial length 200 mm

Consequently, the whole MCG PM brushless machine, including the magnetic concentric gear and two
machines, is designed. The corresponding key dimensions and parameters are listed in Table 13.2.

13.6.3 Integrated MCG Machine Analysis

The electromagnetic characteristics of this integrated MCG PM brushless machine can readily be assessed
by using finite element analysis. First, the corresponding electromagnetic field distributions under no-load
and full-load conditions are depicted in Figure 13.24. It can be seen that there is no noticeable flux line
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Figure 13.24 Electromagnetic field distributions in integrated MCG PM brushless machine: (a) no load and
(b) full load

passing through the shielding layers, which illustrates that the Halbach arrays and shielding layers can
offer the desired decoupling effect between the magnetic concentric gear and two machines. This can
significantly improve the system controllability. Moreover, because of this decoupling nature, the mag-
netic concentric gear and two machines can be individually analyzed in spite of their integration into a
single machine.

On the basis of the electromagnetic field distributions, the no-load electromotive force (EMF) can read-
ily be deduced. Figure 13.25 shows the no-load EMF waveforms of the two machines when their rotors
operate at their rated speeds. Moreover, the corresponding harmonic spectra are shown in Figure 13.26.
It can be found that the harmonic contaminations in the two machines are actually quite small, which
confirms that the Halbach-array PMs can improve the sinusoidal distribution of magnetic fields.

The torque transmission capability of the magnetic concentric gear can be calculated by rotating the
inner rotor step by step while keeping the outer rotor and modulation ring standstill. Figure 13.27 shows
the resulting torque-angle curves. It can be found that they vary sinusoidally in which the pull-out torques
of the inner rotor, outer rotor, and modulation ring are 227, 590, and 816 N m, respectively. Thus, it can
be deduced that the ratio of pull-out torques of the two rotors (7, /T;) is 2.6, which well agrees with the
gear ratio of 2.6. In addition, the above-mentioned three pull-out torques agree well with Eq. (13.13) as
the curves of the two rotors are out of phase with the curve of the modulation ring.
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Figure 13.25 No-load EMF waveforms at rated speeds in integrated MCG PM brushless machine:
(a) machine 1 and (b) machine 2

The cogging torques of the two machines are also calculated by using the finite element method. By
keeping the two rotors standstill and rotating the modulation ring, the cogging torques aroused by the
iron segments of the modulation ring are obtained as shown in Figure 13.28a. Then, by rotating the two
rotors and the modulation ring simultaneously, the cogging torques aroused by the teeth of the stators
are obtained as shown in Figure 13.28b. It can be observed that the cogging torques are insignificant as
compared with the output torques.

Finally, some key parameters of the two machines are calculated as listed in Table 13.3. Since all PM
poles are surface-mounted, the d-axis inductances L; and g-axis inductances Lq of the two machines are
almost the same. Figure 13.29 shows both the current and voltage constraints for operation of the two
machines. The radius of the current limit circle R; equals the rated current /., while the radius of the
voltage limit circle R, is proportional to the voltage limit Uy, and inversely proportional to the rotational
speed w,. The stator current i, has to be located in the overlapping area of both the voltage and current
limit circles. When the speed is lower than the base speed, the stator current is aligned along the g-axis to
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Table 13.3 Parameters of two machines in integrated MCG
PM brushless machine

Machine 1 Machine 2

PM flux linkage v, (Wb) 0.094 0.108
Stator resistance R; (£2) 0.084 0.080
d-axis inductance L, (mH) 0.81 0.69

g-axis inductance L, (mH) 0.81 0.69




Magnetic-Geared Electric Variable Transmission Systems 391

R=1

rated

<y

N Current limit
Voltage limit - circle

circle ~.
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offer the maximum torque per ampere, namely the constant-torque operation. Once the speed exceeds the
base speed, the stator current deviates from the g-axis, and the corresponding i, weakens the stator flux
linkage to ensure that the back EMF is lower than the voltage limit, namely, the flux-weakening operation
(Sun et al., 2010). Figure 13.30 shows the resulting torque—speed capabilities of the two machines.
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13.7 Potential Applications of MG EVT Systems in HEVs

In the foreseeable future, it is anticipated that the EV trio, namely, the pure EV, hybrid EV, and fuel-cell
EV, will coexist in the market. Among various types of hybrids, the full hybrid is most attractive because
it can offer all the desired hybrid features. As the EVT is the core technology for the full hybrid, the MG
EVT systems exhibit high potentials for future HEVs.

Compared with other EVT systems, the MG EVT systems possess the definite features of brushless and
pseudo-gearless power-split operation. These features can significantly improve the system efficiency,
power density, and controllability, which are highly desirable for EV propulsion. The key challenges of
this technology are mainly the high initial cost due to the need for a large amount of rare-earth PMs
and the complex machine manufacture due to the use of three magnetic devices. Nevertheless, with the
continual development of new PM materials and high-precision manufacturing, this MG EVT system is
highly promising for HEVs in the near future.
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120° conduction, 76, 84-5, 87,
92-3,217, 259, 262

180° conduction, 84, 86—7, 923,
263

AC
link, 50
machine, 20, 34, 108, 117,
126
motor, 38, 124, 255
acceleration, 5, 67, 294, 297, 300,
313, 322-4, 375
accelerator, 298-9, 351, 379
accidental demagnetization, 165—6,
181, 193, 255
acoustic noise, 6, 27, 47, 108, 110,
117,131, 135-7, 144, 195,
384
active regulation, 14, 16
actively clamped, 121
adaptive control, 57, 239
adhesive, 73, 214
advance angle control (AAC),
124-5, 129, 133, 139-41,
143
AF-DSDC
machine, 276-83, 285
motor, 272, 276
AF-FSDC
machine, 283-8
motor, 272, 283
aggregator, 14
air-gap flux density, 33, 41, 74-5,
94,137, 153, 163, 165, 169,
171, 173, 178-81, 202-3,
217, 235-6, 241, 2434,
246-17, 260, 278, 280,
337-8, 354, 385

air-gap length, 12, 33, 35, 62, 64, 73,
95,97, 101, 133-4, 137-8,
142, 158-9, 175, 178, 183,
214, 240, 243, 247, 274, 276,
282, 306, 311, 336, 361, 370

air-gap permeance, 206—7, 234,
265-8

alternating current (see AC)

angle position control (APC), 157,
260

antiphase, 303

armature circuit, 20-23, 34

armature conductor, 34—-5

armature reaction, 72, 93, 161, 165,
181,217

armature resistance, 24, 29, 78,
237-8

armature slot, 34-5

armature voltage control, 29-30, 37

armature winding, 20, 34, 41, 72-3,
75-17, 84, 94, 96, 101, 148,
157,159, 161-2, 165-7,
177-9, 181-3, 215, 217, 221,
228-36, 240, 242-3, 245-6,
251, 254-62, 264-9, 274,
276-17,283-5, 301, 3034,
307, 345, 353, 356-7,
362-3,373-4,377, 381,
385

artificial intelligent control, 93, 212

asymmetric bridge converter,
118-19

automatic transmission, 299

auxiliary resonant commutated pole
inverter, 50

auxiliary resonant snubber inverter,
50-51

auxiliary switch, 27, 50, 120—122

axial length, 22, 41,94, 112, 141,
209, 214, 217, 222, 243, 247,
269, 313, 361, 385-6

axial-flux DSDC (see AF-DSDC)

axial-flux FSDC (see AF-FSDC)

axial-flux machine, 254, 269, 272,
277-8, 283, 357

axial-flux morphology, 8, 253, 269,
272, 282, 356, 359

axially laminated, 256, 289

axle-to-driveline, 320

back iron, 149, 385-6
back-to-back converter, 5, 359, 373,
377,380-381
backward magnetization, 172—-4
base speed, 29-30, 52, 64, 88,
90-93, 124-5, 157, 283, 300,
303, 312, 333, 337, 388, 391
battery(ies), 4-5, 9—10, 13-16, 37,
61,227
capacity, 4, 14, 294, 359, 378,
381
charging, 4-6, 11-12, 14, 165,
282, 295, 298, 300, 302,
304, 310, 312, 333,
351-2, 360, 364
cost, 4
lead-acid, 9, 37, 298
lithium-ion, 9, 67, 103, 144, 298
nickel-cadmium, 9, 37
nickel-metal hydride, 9
self-discharge, 298
swapping, 4, 6
zinc/air, 9
battery electric vehicle (BEV), 4
belt, 296
B—H loop, 167
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bidirectional power, 27-8, 211, 293,
301, 346

biomass, 2

bipolar flux, 158, 260-261, 285, 289

bipolar-magnetized, 203

BLAC mode, 83, 94, 153, 159, 161,
218, 221, 262-3, 285

BLDC mode, 95, 150, 159, 161, 176,
218, 221, 262-3, 277, 285

blended mode, 5, 295

boosting, 51-2, 278, 287, 304, 310

brake, 2, 299-300, 331-3, 379

braking energy, 31, 82-3, 293, 300,
322,331, 351, 359, 375

braking torque, 299-300, 322, 331,
375

brushless AC (see BLAC mode)

brushless DC (see BLDC mode)

capacitive power transfer, 12
carbon brush, 7-9, 19-22, 34-5,
266, 296
carbon dioxide, 3
carbon monoxide, 3
carrier-to-sun, 320, 328
centrifugal force, 73, 110, 192,
202-3,214, 341, 354
chaotic PWM, 47
charger, 4-5, 11-12, 16, 37
charging
coordination, 14
zone, 13
clutch, 299, 320, 323, 326-9, 331-3
coal, 2-3
coaxial shafting, 316—17
coenergy, 114, 152, 266
cogging torque, 101, 153, 158, 166,
218, 221, 224, 233, 240, 243,
246-8, 274-6, 297, 301,
307, 371, 385, 388
coil pitch, 242-3
coil span, 34, 76, 101, 166, 182, 235,
301
commutating frequency, 151, 259
commutator, 7, 19-22, 34-5, 75
diameter, 34-5
segment, 22, 34-5
commutatorless, 7, 39
complex permeance function, 206
compound-split, 315-16, 3267,
331-3,341, 343
compressed hydrogen gas, 6
concave stator pole, 158
concentrated winding, 75, 110, 112,
149, 157, 160, 241-3, 246,
262, 268, 276, 283, 304, 307,
385

constant-power operation, 35, 37, 52,
65,72, 87-8,91-3, 98, 103,
125, 139, 157, 165, 178, 239,
245-6, 248, 258, 260, 281,
285, 287, 297-8, 300, 302,
313, 333, 338, 357

constant-power region, 31, 52, 65

constant-torque operation, 35, 37, 64,
91,98, 103, 124-5, 139, 157,
247-8, 391

constant-torque region, 30, 52, 65

controllability, 19, 28, 122-3, 149,
192-3, 255, 287, 289, 301,
387,392

cooling, 33, 72-3, 136, 149, 192,
215, 228, 239-40, 297,
356-7, 359, 382

coordinate transformation, 54, 60,
84,91, 349

copper loss, 45, 61, 72,75, 77, 98,
102, 128, 178-9, 212, 241,
243,246, 258, 269, 272, 385

copper material, 34, 75, 101, 243,
246, 259, 268-9, 301, 307,
385

core length, 33, 35, 62, 64, 97, 101,
132, 138, 142

core loss, 12,45, 112, 167, 266, 273,
275

cost-effectiveness, 126, 224, 239,
253, 272, 283, 288, 294

cranking, 8, 165, 291, 295-6, 298,
300-302, 304, 307, 310,
312-13, 333,341, 351-2,
357, 360, 363

crankshaft, 296-7, 313

creeping, 6

critical speed, 52-3, 125

crude oil, 2

cruising, 6, 87, 91, 125, 165, 178,
246, 258, 260, 322, 327, 375

current chopping control (CCC), 124,
129, 139, 141, 143, 157, 161,
183, 260

current commutation, 103, 119, 123

current constraint, 388, 391

current density, 34, 64, 95-6, 102,
135-6, 138, 142, 215, 233,
240, 278

current model, 91

current phasor, 186, 188-9

current ripple, 50, 83, 124

cycle life, 9, 14

d-axis, 73, 78-80, 84, 87-90, 93,
165, 212, 245, 256-7, 335,
349, 385, 388, 390

DC
field control, 247-8, 282, 287
field excitation, 162, 179, 258,
278, 281-3,285-8
field torque, 259, 263, 309
link, 16, 50, 108, 120—121, 180,
323, 343-4
motor, 19-20, 24-5, 27-39, 55
DC machine, 19-24, 33-5, 72, 74,
117,296
cumulative compound, 20-21, 24
PM, 7, 21, 23, 35, 74, 81
separately excited, 7, 20, 23, 28,
30-32, 35,37-8, 55
series, 7, 21, 23-4, 28-32, 35,
37,117
shunt, 7, 20, 23, 35
wound-field, 21, 23
DC-DC converter, 19, 24, 27-9,
149, 263, 277, 285, 360
multi-resonant, 27
quasi-resonant, 27
resonant, 27
soft-switching, 27—-8
zero-transition, 27
decoupling condition, 57
decoupling effect, 385, 387
delta PWM, 47
detent torque, 274
DFVR
machine, 8, 254, 266, 272
motor, 266, 289
diesel, 1-2
direct current (see DC)
direct torque control (DTC), 51,
57-61,72, 87, 159, 212, 239,
257
direct-axis (see d-axis)
distributed winding, 62, 75, 234, 241,
262, 266, 348, 385
distribution factor, 235
double-layer winding, 34, 62, 161,
301, 303
double-layer-stator topology, 166
double-rotor (see DR)
double-stator double-rotor, 364
double-stator PM brushless motor, 96
double-stator PM synchronous
machine, 297, 301-3, 305-7
double-stator single-rotor, 269, 271,
276, 283, 297
doubly-fed motor, 255
doubly-fed vernier reluctance (see
DFVR)
doubly-salient DC (see DSDC)
doubly-salient PM (see DSPM)
downsized engine, 4, 294
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DR
EVT, 8, 3434, 347-51,
353-60, 364, 368
machine, 8, 341, 343-8, 351,
353-63, 367
driveline torque, 321-2, 326,
329-31, 333, 351, 359, 375,
378, 380
DSDC
machine, 253, 257-62, 269,
272-83, 285, 298, 345,
357
motor, 257-8, 263, 272, 2767,
289
DSPM
machine, 147-60, 162-3,
165-7,169-71, 173-85,
187, 189-94, 257-9,
272,281-3,289,297-8,
301, 303, 307-12
mode, 167, 169, 182-5, 191-2
motor, 149, 154-7, 159, 169,
177, 179-83, 189,
192-4, 258
dual control loops, 239
dual inverters, 228
dual-grid framework, 14—15
dual-motor propulsion, 239
dv/dt, 27, 50

eddy-current loss, 69, 158, 179, 215,
233
efficiency map, 100, 103, 131
efficiency optimization, 180, 212,
258, 345, 357, 360
efficiency-optimizing control, 165,
179-80, 212, 239, 257
electric launch, 4-6, 8, 294, 322,
324, 331, 333, 341, 351, 357,
360, 363, 375, 384
electric loading, 33, 62-3, 95, 112,
153, 233
electric propulsion, 8, 19-20, 37,
39-40, 51, 61, 70, 212,
291-3
electric range, 295
electric variable transmission (see
EVT)
electric vehicles, 1
battery, 4
fuel-cell, 1, 3, 5-6, 8—10
hybrid, 1, 3-5, 7-8, 10, 14, 165,
291-5, 299, 301,
312-13, 319, 323, 327,
333, 335, 339, 341, 357,
359-60, 364, 367-77,
382, 392

plug-in hybrid, 1, 3, 5, 14, 293,

295

pure, 1,3-5,8-9, 11-14,293,
295

range-extended, 1, 3, 5, 14, 293,
295

electrical link, 291

electrical port, 345-7, 357, 369

electricity generation, 4, 8, 298, 300,
310, 333, 341

electrocatalyst, 10

electromagnetic coupling, 362

electromagnetic field, 13, 33, 64-5,
96-7, 102, 138, 141-2, 205,
217-18, 278, 336, 338, 345,
350, 355, 359-60, 362,
385-7

electromagnetic interference (EMI),
12-13,27, 50, 120, 124

electromechanical device, 296, 346

electromechanical infinitely variable
transmission, 332

electromechanical port, 332

electromotive force (see EMF)

electronic differential, 68, 195, 227

electronic-continuously variable
transmission (see EVT)

EMF

sinusoidal back EMF, 301
trapezoidal back EMF, 75,
183-4, 186

emission, 3—5, 298, 313, 383

end-winding, 75, 94, 101, 166, 214,
241, 243, 259, 268-9, 301,
307, 385

energy arbitrage, 14

energy buffer, 343—-4

energy density, 6, 69-70

energy encryption, 13

energy resource, 2

energy service provider, 14

energy source, 1, 6, 9-10, 293

energy-conversion loop, 262

engine, 1, 4-5, 7-8, 10, 291-300,
310, 312-13, 315, 319-35,
339-41, 343-5, 348,
350-351, 357, 359-60,
363-5, 367, 369, 371, 373,
375-84

EVT, 333, 341, 350, 360, 378

extended mode, 5

far-field, 11

fault tolerance, 40, 166-7, 181

fault-tolerant control, 91, 93, 128,
183

faulty phase, 183, 191

ferromagnetic segment, 201, 2067,
214-15,217, 219, 222, 229,
372, 384, 386

Fiat Panda Elettra, 37

field weakening (see flux weakening)

field-oriented control (FOC), 51,
53-7, 60, 65, 72, 87-8, 91,
239, 245, 257

finite element analysis, 61, 64, 93,
96, 138, 141, 182, 192, 217,
221, 240-241, 243, 247, 272,
274-5, 278, 282, 285, 310,
336-8, 359-60, 382, 386

first-quadrant DC chopper, 24-5

five-leg inverter, 228, 238

flux barrier, 158

flux concentration, 74

flux focusing, 74, 160, 193, 203, 260,
335

flux leakage, 33, 74, 153, 158, 162,
178, 214, 304, 307, 310, 335,
354

flux modulation, 242, 247, 251

flux strengthening, 59, 149, 162, 164,
165, 178, 193, 260, 277, 304,
309-12, 357, 360

flux tuning, 260, 357

flux weakening, 29, 55, 87, 149, 214,
245, 260, 303, 357, 391

flux-controllable, 7, 148, 165, 242,
245-50

flux-mnemonic PM (see FMPM)

flux-modulation pole (FMP), 2423,
245-7

flux-reversal DC (see FRDC
machine)

flux-reversal PM (see FRPM)

flux-switching DC (see FSDC)

flux-switching PM (see FSPM)

flywheel, 9-10, 294-6, 313

FMPM

machine, 147-9, 165-6
motor, 192-4

force field, 61

Ford Escape Hybrid, 340-341

Ford Fusion Hybrid, 341

Ford hybrid system (FHS), 3247,
331, 340

Ford Ranger, 67

forward magnetization, 173—-4

four-quadrant DC chopper, 24—6

four-quadrant operation, 28, 82-3

four-quadrant zero-current transition
DC-DC converter, 28—9

four-quadrant zero-voltage transition
DC-DC converter, 28—9

four-wheel drive, 144, 228
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fractional-slot, 166, 246, 304, 307,
385
FRDC machine, 7
friction and windage, 176, 179
FRPM
machine, 7, 147-8, 157-62,
165-6, 177, 192-4
motor, 157, 159, 161, 193-4
FSDC
machine, 7, 254, 260-263, 272,
274-6, 283-8, 357
motor, 260, 263, 272, 274, 283,
285, 289
FSPM
machine, 7, 148, 160-164, 260,
272
motor, 160—161, 193, 260, 263,
289
fuel cells, 5,9-10
proton exchange membrane, 10
solid oxide, 10
solid polymer, 10
fuel consumption, 5, 323—4, 3834
fuel economy, 4-5, 8, 294-5, 298,
313, 315-6, 323-4, 328,
330, 334, 340
fuel-cell electric vehicle (FEV), 1, 3,
5-6,8-10
full throttle, 324
full-bridge converter, 260
fuzzy logic control, 212, 239

gasoline, 1-3, 295

gear inner rotor, 215, 217-19,
221-2,224, 381

gear noise, 5, 8, 341, 343, 360, 367

gear outer rotor, 215, 217, 219,
221-2,224, 381

gear ratio, 35, 64, 96, 137, 144, 200,
209, 217, 222, 242, 319-20,
324,326, 328-30, 371-2,
374,377, 384, 387

geothermal, 2

GM Chevrolet Silverado Hybrid, 341

GM two-mode hybrid system,
326-8, 330-331, 333, 341

GMC Conceptor Electric G-Van, 37

GMC Sierra Hybrid, 341

gridable, 1, 3-5, 14

Halbach array, 202, 218, 385, 387

half-bridge converter, 260

Hall sensor, 56, 239

hard switching, 28, 50, 120, 123-4

harmonic spectrum, 221, 223, 387,
389

harmonic torque, 236

harmonics, 47, 50, 80, 83, 210, 217,
235, 236, 256
H-bridge converter, 162, 246
healthy phase, 182—4, 186, 188, 191
heat tolerance, 108, 112
HE-DSPM
machine, 162-3, 165-6, 169,
177-80, 298, 301, 303,
307-12
motor, 177, 179-81
HEPM
machine, 147-9
motor, 1924
high-precision manufacturing, 359,
382,392
high-range mode, 327, 329-31, 333
hill-climbing, 6, 140, 165, 300, 304,
375
Honda Insight, 294, 313
hub motor (see in-wheel motor)
hybrid electric vehicle (HEV), 1,
3-5,7-8, 10, 14, 165,
291-5, 299, 301, 312-13,
319, 323, 327, 333, 335, 339,
341, 357, 359-60, 364,
367-77, 382, 392
hybrid energy system, 10
hybrid excitation, 162-3, 165
hybrid propulsion, 8, 292—4
hybrid-excited DSPM (see
HE-DSPM)
hybrid-excited PM (see HEPM)
hybridization, 1, 9, 291, 293
hybrids, 8, 291-6, 298-9, 301, 303,
313, 315, 341, 343, 347, 359,
373,392
complex, 291-3
full, 1, 5, 293-5
micro, 1, 4, 8,293-6, 313
mild, 1, 4, 8, 293-6, 301, 303,
313
parallel, 291-3
plug-in, 1, 5, 293, 295, 339-40
power, 294
series, 291-3, 295
series—parallel, 291-3
hydraulic braking, 300
hydraulic link, 291
hydrocarbon, 3
hydrogen, 1, 5-6
hydropower, 2
hysteresis current, 47-8, 83, 119,
124,239
hysteresis loop, 167-8
hysteresis loss, 78, 179
hysteresis model, 167-8
hysteresis-current PWM, 47-8

idle stop-start, 4-5, 8, 291, 294,
298-300, 313, 323, 333, 341,
360, 384
IGBT, 28, 47, 122
immature, 194, 253, 289
incremental flux, 58
incremental inductance, 129-30
independent system operator, 14
induction motor, 39-40, 467,
50-53, 55-8, 60-68, 70, 72,
83, 87, 131, 133, 145, 253
inductive power transfer, 12
inertia, 87, 117, 211, 296-8,
320-321, 324, 326, 328-30,
350, 376
inner air-gap, 96, 206—10, 217-19,
221-3, 302, 347, 355-6,
359-61
inner-rotor structure, 110, 251
input-split, 315-16, 319, 321-4,
326, 333-6, 339-41, 343
inset-magnet, 231-2
instability, 24, 68-9, 149, 192, 255,
260, 297, 382
insulated gate bipolar transistor (see
IGBT)
integrated-starter-alternator, 291,
312
integrated-starter-generator (see ISG)
intergrid, 14
interior-circumferential, 73-5, 94,
335
interior-radial, 73-5, 93, 96-7, 335
internal combustion engine (see
engine)
internal combustion engine vehicle
(ICEV), 1-5,9, 11,293-4
inter-turn, 189-92
intragrid, 14
in-wheel motor, 195, 211-12,
215-24,227-8, 254, 269,
276, 283
iron bridge, 178, 304, 307, 310
iron loss, 34, 61, 133, 151, 178-9,
212,214, 222, 240, 256, 259,
269
iron material, 34, 301-2, 307, 385
iron segment, 256, 388, 390
ISG
machine, 296, 301, 313
operation, 298, 301, 309-10
system, 8, 291, 294-301, 3034,
312-13

Jourdain’s principle, 320

Kia Optima Hybrid, 341
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lamination material, 35, 64, 97, 101,
135, 138, 142

lap winding, 34

Laplacian and quasi-Poissonian
equations, 205

limit circle, 388, 391

limp-home mode, 50

linear-flux morphology, 8

liquid fuel, 2

liquid hydrogen, 6

load angle, 237

load capability, 316

low inertia, 297-8

lower-deck inverter, 239

low-range mode, 327-8, 330-331,
333

lubrication, 5, 8, 195, 197, 224, 341,
343, 360, 367

lunar roving vehicle, 37

machine dimension, 33, 61, 64, 131,
136, 140, 158, 240, 272-3,
275
magnetic axial-flux gear, 201-2
magnetic coaxial gear, 195-6,
201-5,207,210-211, 215,
228-9,371-3
magnetic concentric gear, 369,
371,373, 375, 378, 382-17,
389
magnetic concentric-geared EVT
(see MCG EVT)
magnetic coupling, 12, 199, 355-6,
359, 362
magnetic decoupling, 221
magnetic energy, 15, 119, 241,
266
magnetic gear, 195, 197-8,
200-201, 209, 211, 214-15,
217,224,227,367-71, 373,
380-381, 384
converted, 198, 200
field-modulated, 198, 200
magnetic gearing effect, 231-3, 240,
246, 264, 289
magnetic gearing ratio, 264, 269
magnetic involute gear, 198—9
magnetic linear gear, 201
magnetic loading, 33, 62—3, 94-5,
132,356
magnetic planetary gear, 195-6, 200,
341, 369-71, 373, 382
carrier, 369, 371, 373-5
magnetic planet gear, 200,
369-71,373-4
magnetic ring gear, 200, 36971,
373,375

magnetic sun gear, 369-71,
373-5

magnetic planetary gear ratio, 371,
374

magnetic planetary-geared EVT (see
MPG EVT)

magnetic resonant coupling, 12—13

magnetic spur gear, 195, 197,
199-200, 371

magnetic worm gear, 198-9

magnetic-geared (see MG)

magnetless machine, 7—-8, 253-5,
269, 272, 283, 289, 341, 357,
359

magnetless motor, 105, 253-5, 269,
272,288-9

maintenance, 8-9, 19, 22, 38-9,
144, 197, 224, 266, 301, 334,
364,367-9, 384

manual transmission, 299

manufacturability, 8, 192, 194, 203,
205, 289

mass production, 295, 313, 341

maturity, 19, 38, 68, 91, 192-4, 203,
205, 213, 289

maximum power point tracking, 10

maximum torque per ampere, 91,
212,391

MCG EVT, 375-84

mechanical coupling, 348, 356

mechanical differential, 195, 227

mechanical integrity, 72—4, 110,
162, 165, 202-3, 205, 214,
243, 255, 307, 3534, 359

mechanical link, 291, 293

mechanical loss, 179

mechanical port, 332, 345-7, 357,
369, 375

mechanical stress, 202, 233

memory machine, 70, 165

metal hydride, 6, 9

metal-oxide-semiconductor
field-effect transistor (see

MOSFET),
MG
EVT, 8-9, 367-9, 371, 380, 382,
392

machine, 195-6, 203, 205,
211-13,228-30, 369,
381-2
motor, 195, 211-13, 215,
218-19, 221, 224
middle air-gap, 217, 219, 221
minimum permeance, 264
minimum reluctance, 112, 255
modulating function, 206, 243
modulation index, 239

modulation ring, 196, 201, 205-7,
214-15, 217,219, 229, 368,
372-3,375-8, 3834,
387-8

MOSFET, 27, 122

motor starting, 14

move-and-charge, 6

MPG EVT, 373-4

multi-input multi-output (MIMO)
system, 345

multiple-input converter, 10—11

multipole, 101, 231, 246, 301, 307

multi-port machine, 345

four-port machine, 345-6
three-port machine, 345-6
two-port machine, 345

multi-port magnetic gear, 367, 369,
373

multi-tooth DSDC machine, 272-5

multi-tooth FSDC machine, 274-6

multi-tooth SR machine, 111, 272-6

mutual inductance, 55, 79, 81, 116,
211, 240, 301, 350

natural gas, 2, 6

natural operation, 125

near-field, 11-12

neighborhood electric vehicle, 37-8

nine-switch inverter, 228, 239

Nissan Leaf, 103, 105

nitrogen oxide, 3

nonmagnetic, 74, 214, 222, 385

nonrare-earth, 224

nuclear, 2

number of turns, 43, 45, 63—4, 94,
135, 178, 183, 186, 191, 235,
279, 284

observer, 129, 131, 169

oceanic, 2

oil, 2

open-circuit fault, 183, 186, 191

open-slot, 231

optimal operation line, 5, 3234,
351, 373, 377-9, 381

optimal operation point, 377

optimal PWM, 47

outer air-gap, 96, 206-10, 217, 219,
221-2, 302, 347, 355-6,
359-61

outer-rotor structure, 110, 131, 246,
251,272

output gearing, 316, 324, 3268

overload capability, 6

overload protection, 368

overtaking, 6, 165, 178, 278, 285,
287, 300, 304
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parallel magnetic circuit, 356

parallel resonant DC link, 50

parallel-magnet structure, 94

parallel-series magnetic circuit,
356

parasitic inductance, 50

park-and-charge, 12

particulate matter, 3

peak shaving, 14—15

permanent magnet (see PM)

petrol (see gasoline)

PG EVT, 8, 315-16, 319, 321-4,
326, 328, 331, 333-6,
343-5, 360, 364, 367-8,
371, 373-4, 380, 382, 384

phase inductance, 115-16, 119,
124-5, 129-30, 152, 231

phase-advance angle control, 91-3,
103

phase-decoupling, 182

phasor diagram, 188, 190, 237

PI controller, 87, 155-6, 239

PID regulator, 183

pitch factor, 235

planetary gear, 5, 64, 96, 98, 110,
137,200, 315-20, 324,
327-35,339-41, 3434,
360, 367-9, 371, 373, 375

carrier, 316—17, 320-321,
327-8,332-4, 343

planet gear, 316—17, 335, 343

ring gear, 5, 96, 31617,
319-23,327-8, 331-5,
343, 367

sun gear, 5, 96, 316—17, 319-21,
327-8,331-5, 343,367

planetary gear ratio, 319, 329-30

planetary-geared EVT (see PG EVT)

plug-in hybrid electric vehicle
(PHEV), 1, 3, 5, 14, 293, 295
PM
brushless machine, 7, 70, 72-3,
75,77-38, 80, 94, 108,
110, 149, 206, 211, 215,
228-30, 240-244, 257,
297-8, 307, 313, 373-5,
383, 385-91
BLAC, 72,212,297
BLDC, 72, 74-8, 80-81, 84,
87,94, 101, 161, 211,
241,297, 313
DC machine, 21, 23, 35, 74,
81
interior-circumferential,
73-5,94, 335
interior-radial, 73-5, 93,
96-7, 335

surface-inset, 73-5, 93
surface-mounted, 72-5, 81,
90, 93, 101, 255, 353,
388
brushless motor, 68—-71, 82, 87,
93-6, 103-5, 131, 144,
147,192, 212, 215, 224,
227,253
AC motor, 218
DC motor, 82, 91-3, 96,
100-103, 105, 192,
215,217-18
immunity, 192-3
material, 7, 68—71, 93, 105, 147,
161, 165-7, 170, 176-17,
193, 201, 211, 217, 222,
224,234, 243, 247, 253,
255, 257-8, 260, 272,
283, 288, 297-8, 392
aluminum-nickel-cobalt
(AlI-Ni-Co), 69,
165-8, 170-173,
182, 191
ferrite, 69-71
neodymium-iron-boron
(Nd-Fe-B), 70-71,
165-6, 170-173,
176, 197, 201, 217,
222,243, 247, 253,
336
samarium-cobalt (Sm-Co),
70-71, 165-6
properties, 70
coercivity, 69-71, 934,
165-7, 172
Curie temperature, 69—71
energy product, 69-71, 170,
241
remanence, 69-71, 74, 93,
95, 165, 167-8, 241
synchronous machine, 72-80,
87-8, 93,96, 161, 237,
239, 241, 251, 255, 257,
297, 301-3, 313, 334-6,
341, 353
motor, 83-4, 87-91, 934,
96-100, 102-3, 105,
159, 192, 238-9, 255,
257,337
torque, 152, 157, 159, 161, 167,
176, 182, 184, 191, 309,
335-6
pole arc, 33, 35, 62, 76, 95, 115, 134,
138, 142, 150, 153, 158, 173,
175,214, 219, 273, 275
pole height, 33, 35, 134-5, 173, 273,
275

pole pitch, 33, 62-3,94, 115, 117,
134, 152-3, 157, 159, 231,
235-6, 301, 369-70

pole-pair arrangement, 258, 285

polyphase, 257, 266

position encoder, 56, 72, 87, 213

power assistance, 8, 291, 298, 300,
310,313

power density, 6, 19, 50, 69, 123,
153,228, 253,297, 316, 353,
385

power factor, 8, 62-3, 158, 231, 237,
257,266, 289

power ratio, 77

power regulation, 294

power summation, 360, 367, 369

power-handling capacity, 359, 381

power-split, 5, 105, 294, 315-17,
323-4,327-9,333-4, 343,
350-351, 359-60, 367-9,
375, 380-381, 383, 392

powertrain, 313, 339-40

pre-fault, 188-9

Preisach theory, 167

price premium, 2945

proportional-integral (see PI
controller)

proportional-integral-derivative (see
PID regulator)

propulsion device, 1, 5, 293

pseudo-gearless, 9, 195, 367-8, 392

pull-out torque, 387

pulse-width modulation (see PWM)

pure electric mode, 5, 378

pure electric vehicle (PEV), 1, 3-5,
8-9, 11-14, 293, 295

PWM

carrier, 91
control, 82, 119, 122
inverter, 39, 47, 57, 238

g-axis, 73, 78-80, 84, 87-90,
256-17, 335, 349, 388,
390-391

quadrant, 24-9, 31, 38, 60, 82-3,
167-8, 261

first, 24-5

four, 24-6, 28-9, 38, 82-3

second, 24, 167-8

two, 24-8, 31
quadrature-axis (see g-axis)

quasi-resonant DC link, 50

radial force, 136—7

radial-flux DSDC machine, 277, 282
radial-flux FSDC machine, 283, 285
radial-flux morphology, 8, 356
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random PWM, 47

range per charge, 4, 11, 37, 82, 212,
227,258

range-extended electric vehicle
(REV), 1, 3,5, 14, 293, 295

rare-carth, 68, 70, 72, 144, 197, 211,
224,253, 368-9, 382, 392

reaction torque, 80, 152, 255

reactive regulation, 14, 16

recoil line, 165-6, 168

recoil permeability, 167

reduced-power region, 53

reformer, 5

refueling infrastructure, 5—6

regenerative braking, 2, 4-5, 8,
24-5,27-8,31-2,227, 282,
287, 291, 293-4, 298-300,
313, 322-4, 331, 333, 341,
351, 353, 359-60, 375, 381,
384

regional transmission organization,
14

regular PWM, 47

relative permeability, 95, 167, 234

reliability, 6, 8, 27, 50-51, 72, 91,
123, 144, 181-2, 213, 239,
334,354,357, 364, 367-8,
384

reluctance torque, 73—4, 80, 114,
152, 155, 157, 159, 176, 182,
184, 255-6, 259, 263, 309,
335-6

remanence, 69-71, 74, 93, 95, 165,
167-8, 241

remediation, 183, 188, 191

Renault hybrid system, 331-2

renewable power, 3, 14

renewable transients, 14—15

resonant capacitor, 27, 121

resonant DC link, 50, 120-121

resonant inductor, 27, 50

resonant snubber capacitor, 50

resonant switch, 120

resonant transition, 50

ring-to-sun gear ratio, 320, 328

roadside emission, 3—5, 298

robustness, 6, 131, 147, 182, 1924,
203,231, 289, 297-8, 313

rotating field, 8, 42—4, 229, 240,
242-3, 246, 255, 2646,
268, 351

rotor diameter, 33, 35, 63—-4, 97,
112, 132-3, 135, 159, 259,
273, 275

rotor flux linkage, 53, 55-6, 58—9

rotor teeth pairing, 158

rotor-PM, 8, 147, 161, 165, 229-34,
242

saliency, 73, 2567, 335

salient pole, 7, 110, 147, 149, 158,
166, 178, 182, 258, 3034,
354, 357-8, 361

saturation, 35, 57, 64, 78, 96, 102,
112, 114-15, 117, 127, 131,
135, 138-9, 217, 233, 240,
256, 260, 273, 275, 337-8

scalar magnetic potential, 205

segmental rotor, 256

self-inductance, 81, 91-2, 167, 192,
211, 259, 263, 350

self-searching control, 179-80

self-shielding, 202, 218, 221-2, 385

self-tuning control, 212

sensing coil, 56, 93

sensorless control, 87, 90-91, 93,
124, 128-9, 21213, 239,
257

series magnetic circuit, 356

series mode, 333

series resonant DC link, 50

series-magnet structure, 93—4

service life, 300, 313

shaft diameter, 95, 97, 101, 135

shielding layer, 3857

shoot-through fault, 117

short-circuit fault, 181, 189, 191-2

short-pitch winding, 235

signal injection, 91, 129

silent chain, 335

single-input single-output (SISO)
system, 345

single-layer winding, 34, 62, 161,
301, 303

single-stator double-rotor, 269, 271,
283

single-stator single-rotor, 26970,
277,283

singly-fed motor, 193, 289

sinusoidal back EMF, 301

sinusoidal PWM, 47

sinusoidal waveform, 78, 87

six-step inverter, 46

skewing, 137, 153, 158, 161, 173,
183

slip frequency, 347

slip ring, 8-9, 266, 347-8, 350, 356,
358-9, 364, 3678, 384

slot height, 63—4, 240

slot pitch, 101, 166, 182, 2423,
264-5, 301

slot width, 63-4

slot-fill factor, 64, 97, 101, 136, 138,
142, 215, 240, 385

slots per pole per phase, 101, 233,
235, 265, 301, 385

slotting effect, 206, 235
sluggish, 14, 53, 59, 61
Smart Fortwo, 103—4, 106
snubber, 50-51
soft switching, 27-8, 50-51,
119-20, 124
solar, 2, 10, 14
space harmonic, 242, 246
space-vector modulation, 83—4
space-vector PWM, 47, 49-50, 58,
87,239
specific energy, 6, 9—10, 315
specific power, 9, 315
speed oscillation, 117
spinning reserve, 14
split capacitor, 154-5, 260
split-pole, 231, 242
squirrel-cage induction machine, 348
SR
converter, 108, 117-24, 130, 133
1.5m-switch, 11819
asymmetric bridge, 118-19
C-dump, 119, 123
R-dump, 119
resonant DC-link, 120—121
resonant switch, 120
soft-switching, 119-20, 124
zero-transition, 120, 122-3
machine, 7, 108-17, 119, 128
mode, 167, 169, 182-5, 191-2
motor, 126, 132—4, 136, 144
stability, 70, 105, 147, 165-6, 227,
251,316
stack length, 94, 153, 176, 178, 183,
214, 236, 274, 276, 279, 282,
284,306, 311, 336
starter motor, 4, 291, 294-8, 313,
333, 351
start-up time, 99, 103
state-of-charge (SOC), 298, 300,
313, 359, 378-9, 381
stator diameter, 33, 35, 101, 133,
259, 273, 275
stator flux linkage, 53, 57-60, 131,
391
stator voltage vector, 58—61, 211
stator-PM, 7-8, 105, 147-9, 157,
160-162, 165-7, 173-4,
177, 192-4,229, 231-3, 257
stator-PM machine, 7, 147-8, 157,
160-162, 165-7, 173-4, 177
doubly-salient PM, 147-60,
162-3, 165-7, 169-71,
173-85, 187, 189-94,
257-9,272,281-3, 289,
297-8, 301, 303, 307-12
flux-mnemonic PM, 147-9,
165-6
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stator-PM machine (continued)
flux-reversal PM, 7, 147-8,
157-62, 165-6, 177,
192-4
flux-switching PM, 7, 148,
160-164, 260, 272
hybrid-excited PM, 147-9
stepwise control, 82
stray capacitance, 27, 50
stray loss, 179
stress tensor, 222
sulfur oxide, 3
supercapacitor (see ultracapacitor)
surface-inset, 73-5, 93
surface-magnet, 231-2
surface-mounted, 72-5, 81, 90, 93,
101, 255, 353, 388
switched reluctance (see SR)
switching frequency, 27, 50, 64,
834,112, 114, 119-21,
133, 151
switching loss, 27-8, 46, 50, 83, 87,
119-22, 124, 151, 259
synchronism, 73, 82
synchronized resonant, 50
synchronous impedance, 237
synchronous inductance, 79
synchronous reactance, 237
synchronous reluctance (see SynR)
synchronous speed, 44, 56, 234, 265,
267-8, 349-50
SynR
machine, 253-7, 289
motor, 255, 257

tangential force, 136

tangentially magnetized, 203 -4

temperature coefficient, 69—71

Tesla Roadster, 67—8

thermal dissipation, 178

thermal field, 359, 382

thermal instability, 689, 149, 192,
255, 260, 297, 382

thermal power, 2

Thevenin, 172-3

three-leg inverter, 228, 238—-9

throttle angle, 379

Timken hybrid system, 332-3

tire rim, 215, 251

tooth width, 63, 95, 240

toroidal-field, 260-261

torque differential, 316

torque multiplier, 316, 324, 326

torque pulsation, 82

torque ripple, 21, 61, 87, 99, 103,
105, 108, 110, 112, 117, 119,
121, 124, 126, 128, 131, 133,
136-7, 140142, 144, 155,
161, 183, 189, 191, 202-3,

222,240, 243, 248, 263, 260,
273-7,285,297, 334
torque transmission capability, 380,
385, 387
torque-angle curve, 139, 141, 143,
222,224,387, 389
torque-ripple minimization (TRM),
124, 126, 128-9, 136
torque-sharing function (TSF),
126-9, 136
cosine, 127-8
cubic, 127
exponential, 127
linear, 126-8
nonlinear, 126, 128
torque-speed capability, 35-6, 65,
67,98, 103, 125, 139-41,
144, 281, 285, 287, 338
torque-speed characteristic, 20,
23-4,29,31, 46, 52, 82
total harmonic distortion, 14
Toyota Camry Hybrid, 341
Toyota hybrid system (THS),
319-20, 324, 326, 331,
339-40
Toyota Prius, 14, 294-5, 319, 335,
339-41
transmission gear, 141, 227
transmission loss, 5, 8, 98, 112, 195,
227, 343, 360, 367, 369, 373,
384
transverse-flux morphology, 8
trapezoidal back EMF, 75, 183—4,
186
trapezoidal waveform, 82
two-arm modulation, 239
two-layer structure, 304
two-quadrant DC chopper, 24-6,
31
two-quadrant zero-current transition
DC-DC converter, 27-8
two-quadrant zero-voltage transition
DC-DC converter, 27-8
two-wheel drive, 228, 238

ultracapacitor, 4, 9—10, 315
ultrahigh-speed flywheel, 9-10
unipolar flux, 147
unipolar-magnetized, 203 -4
upper-deck inverter, 239
utilization factor, 239

variable-voltage variable-frequency
control (see VVVF control)
vector control, 56, 159, 161-2,
165
vehicle-to-grid, 6, 14—16
vehicle-to-vehicle, 14
vernier effect, 7, 264

vernier gauge, 231
vernier machine, 7
doubly-fed reluctance, 8, 254,
266, 272
PM, 7-8, 227-34,237-51, 272
reluctance, 7-8, 228, 254,
264-6, 357
AC, 8, 266, 268
DC, 8, 266, 268-9, 357
vernier PM (see VPM)
vernier reluctance (see VR)
vernier reluctance AC (see VRAC
machine)
vernier reluctance DC (see VRDC
machine)
vibration, 56, 135-7, 144, 147, 193,
197,296-7, 300-301, 313,
333,341, 354
viscous friction, 87, 117, 211
voltage constraint, 388, 391
voltage deviation, 14
voltage regulation, 7, 287
voltage ripple, 178
voltage space vector, 47-8, 83
VPM
machine, 7-8, 227-34, 237-51,
272
motor, 227, 238-40, 242, 245,
251
VR
machine, 7-8, 228, 254, 2646,
357
motor, 264, 289
VRAC machine, 8, 266, 268
VRDC machine, 8, 266, 268-9, 357
V-shaped PM rotor, 335-6
VVVF control, 51-3

wave winding, 34

wear and tear, 22, 296, 341

wind power, 2, 14, 200

winding factor, 62, 94, 282

wireless power transfer, 6, 13—14

wound-field, 21, 23, 256, 260, 261

wound-rotor induction machine,
39-40

wound-rotor synchronous machine,
73, 255

yoke thickness, 33, 35, 64, 95, 97,
134-6, 138, 142, 240, 273,
275

zero-current switching, 27, 50, 121
zero-current transition, 27-9, 122
zero-emission, 3

zero-transition, 27, 120, 122-4
zero-voltage switching, 27, 50
zero-voltage transition, 27-9, 122
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