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Preface

Current environmental concerns are driving the international community into
forcing the development of low-emission (hybrid electric) or zero-emission (bat-
tery electric) vehicles that will replace conventional internal combustion engine
vehicles, which now constitute one of the main causes of urban pollution. Alt-
hough the number of battery electric and hybrid electric vehicles has maintained
an upward growth in recent years, important technological advances are neces-
sary for improving the performance of these vehicles. This is true not only for
developing batteries that guarantee greater autonomy, but also electric power-
trains that demand higher torque, power densities, and efficiency. Nowadays,
most powertrains use permanent magnet synchronous motors (PMSM), but au-
tomakers are intensifying their research into finding alternatives with less mass
of permanent magnets or even without them.

This book presents a compilation of works carried out by a group of researchers
who believe that switched reluctance motor (SRM) drives can serve as a viable
alternative to PMSM drives. Its main goal is to disseminate knowledge about a
number of new contributions that reinforce the suitability of SRM drives for E-
Traction.

The book is organized in following order. Chapter 1 briefly explains the basics
of SRM drives and describes their developments and achievements in electric
traction. Chapter 2 provides a survey of the trends in soft magnetic materials for
SRM with a particular emphasis on their applications for traction motors in elec-
trical vehicles. Chapter 3 evaluates and compares two electrical machines when
replacing a permanent magnet rotor of a PMSM for a rotor of a SRM. Chapter 4
provides a survey of the main modular variable reluctance motors. The investi-
gation focuses especially on the machines proposed for diverse automotive ap-
plications, including traction drives and auxiliaries. Chapter 5 is devoted to
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double-stator SRM drives and presents the motor structure, geometry, design,
electromagnetic characteristics and experimental tests. This work demonstrates
that double-stator SRMs can produce more torque and power density with less
radial force, vibration and acoustic noise. Chapter 6 presents the torque control
strategy for an axial-flux SRM with a Labak configuration. Chapter 7 presents a
summary of the work developed on axial-flux SRM drives using a particular dis-
tribution of stator and rotor poles that results in short flux paths without flux re-
versal. In addition, it also describes an SRM controller developed especially for
the propulsion of light electric vehicles. Chapter 8 summarizes the work done on
a novel SRM concept, featuring a 2-phase axial flux topology with a segmented
stator and twin segmented rotors. The proposed topology is designed for high-
speed operations that aim for power density values within the range of 7 kW/kg.

This work would not be possible without the efforts and generosity of all who
have contributed to its development.

Finally, we would like to extend our gratitude to Ana Latorre and Jordi Prats of
the Iniciativa Digital Politécnica for their contributions in editing this book.

Pere Andrada
May 2020

This book is supported by Spanish Ministry of Economy and Competitiveness
(DPI 2014-57086-R)
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Trends in Switched Reluctance
Motor Drives for Electric Traction

Pere Andrada

1.1. Introduction

The electrification of road vehicles is one of the most consistent initiatives for
achieving a clean, environmentally friendly and efficient transport system. Now-
adays, the worldwide stock of electric passenger vehicles, plug-in hybrid electric
vehicles (PHEVs) and battery electric vehicles (BEVs) exceeds 5.1 million, 45%
of the vehicles in China followed by the EU and USA. So far, Norway represents
the country in which electric cars have the highest market share [1]. Several sce-
narios exist in regard to the expected growth of electric vehicles: the most mod-
erate foresees global electric vehicle sales reaching 23 million and a stock of over
130 million vehicles by 2030; the more optimistic view of the EV30@30 cam-
paign hopes that the market share will reach 30% by this same date (excluding
two- and three-wheel vehicles), with 43 million in sales and a stock of more than
250 million vehicles.

In order to further boost this growth, technological improvements and cost reduc-
tions must be made not only to electric storage systems (mainly the batteries), but
also to electric propulsion systems or traction drives. Currently, most traction
drives for HEVs and BEVs are permanent magnet synchronous motor (PMSM)
drives, which are more common due to their high power, torque density and effi-
ciency, as well as their wide range of speed. The main drawback to PMSM drives
is their use of rare-earth permanent magnets. Although rare-earth elements are
not very scarce, some noteworthy circumstances to consider are:
e 50% of reserves are located in China.
e China additionally controls most (85%) of the world’s rare-earth perma-
nent magnet production.
e Demand is growing for permanent magnets in green industries, such as
wind generation and electric vehicles.
e Historical volatility in the price of permanent magnets, as in 2011.
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Given these circumstances, it is advisable to reduce the mass of permanent mag-
nets in electric machines and perhaps even to dispense of them completely. Thus,
there is presently great interest in developing permanent magnet-less (PM-less)
electric drives, with the most relevant drives in this category being: induction
motor (IM) drives, synchronous reluctance motor (SyncRM) drives and switched
reluctance motor (SRM) drives. Fig. 1 shows a basic cross-section of these mo-
tors; and their main advantages and drawbacks are listed, respectively, in Tables
Iand II [2-5].

Fig. 1: Cross-section of the three most relevant PM-less motors: IM (left), SyncRM (center) and
SRM (right)

TABLE |. ADVANTAGES OF THE PM-LESS DRIVES UNDER CONSIDERATION

IM drives

SyncRM drives

SRM drives

Rotor losses can be significantly
reduced by using a copper rather

than aluminum squirrel cage.

Simplification of rotor construc-
tion because there are no magnets
or embedded conductors that have
to be inserted.

The simplicity of the stator and
rotor construction helps reduce
the cost of SRM machine manu-
facturing.

The drive-cycle efficiency of a
well-designed induction machine
can pose a challenge to that of an
IPM machine in some applica-
tions.

Opportunity to achieve low rotor
losses in the absence of magnets
and conductors in the rotor.

SRM rotors typically have low
moments of inertia compared to
other machine types, thus im-
proving acceleration and decel-

. 5 . 1
The machine’s saliency makes it o400

an attractive candidate for rotor
position self-sensing.

The magnetic field strength of a
machine can be lowered via stator
current to reduce losses under
light load conditions, which is val-
uable for high-speed cruising.

It achieves high CPSR values
due to low magnetic coupling
between phase windings. SRM
fault tolerances are best among
the evaluated machines.

The absence of magnets reduces
the SyncRM machine’s vulnera-
bility to damage from short circuit
The absence of magnets reduces faults.
an induction machine’s vulnera-
bility to damage from short circuit
faults.

SRM machine efficiency dur-
ing-high-speed, light-load oper-
ations do not suffer from any
need for a stator current to can-
cel flux linkage.

The electronic power converter is
the usual three-phase bridge in-
verter used in AC machines.

The electronic power converter is

the usual three-phase inverter used

in AC machines. The number of SRM phases can
vary from two to higher num-
bers by changing the number
combinations of stator and rotor
poles.

CPSR Constant power speed range
PWM Pulse wide modulation
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TABLE |l. DRAWBACKS OF THE CONSIDERED PM-LESS DRIVES

IM drives

SyncRM drives

SRM drives

There are rotor losses when-
ever torque is generated.

It requires a small air-gap to
minimize the reactive cur-
rent and maximize effi-
ciency.

It is not adequate for high
pole numbers, thus making
them less attractive for
lower speeds and direct
drive applications.

CPSR is more limited than
internal permanent synchro-
nous machines.

Increasing CPSR requires
reducing leakage reactance,
thus generating additional
PWM losses.

It is not well suited to rotor
position self-sensing at low
speeds due to the absence of
rotor saliency.

Limits on achievable sali-
ency ratio values reduce
machine torque density in
comparison to permanent
machines.

Increasing the inductance
saliency ratio tends to re-
duce mechanical strength
due to more flux barriers
and increase pressure to re-
duce air-gap length.

It requires very high sali-
ency ratios to achieve the
CPSR values required in
many traction applications.

Achievable saliency ratio
values result in a low power
factor, thus increasing the
inverter power rating.

Not a good candidate for
high pole number designs
and, therefore, for high
torque direct-drive applica-
tions.

The pulsed nature of stator
winding excitation tends to
result in high torque ripple
when compared with other
machines.

High frequency radial

forces on stator poles can
result in undesirable acous-
tic noise due to excitation of
stator mechanical resonant
modes.

The torque density and
rated efficiency of SRM
machines are lower than
those of permanent magnet
synchronous machines.

The large amplitude of

magnetic flux variations in
rotor poles can lead to high
rotor losses at high speeds.

It requires a small air-gap to
maximize torque density.

SRM performance depends
on the accurate sensing of

rotor position and tight con-
trol of current pulse timing.

Each SRM phase winding
requires two external termi-
nals, thus doubling the
number of excitation cables
and connector pins in com-
parison to AC machines.

The SRM electronic power
converter does not use the
standard three-phase in-
verter that is usually em-
ployed by all AC machines.

Control characteristics are
very non-linear due to the
high magnetic saturation of
SRM.

CPSR Constant power speed range

PWM Pulse wide modulation
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1.2. SRM Basics

Although SRM drives present drawbacks such as large numbers of connections,
the inability to use phase-leg power modules developed for inverters in SRM
power converters, high torque ripple and acoustic noise; they do have advantages
such as torque-speed characteristics that match very well with the needs of elec-
tric vehicle traction as well as a simple and robust construction. From the point
of view of electromechanical conversion, SRM is a doubly salient pole device
with single excitation that usually works under strongly saturated conditions
[6,8]. Based on the air-gap flux direction, a rotary SRM can be classified as radial,
axial or transverse flux [9]. In all cases, torque is produced by the rotor’s tendency
to move to a position that maximizes the inductance of the excited phase winding,
i.e., it aligns with the stator and rotor poles. Therefore, a power converter with
solid-state switches is needed to generate the right sequence of phase commuta-
tions and this requires knowing the rotor position. Figure 2 shows a block diagram
of an SRM drive.

+ Electronic iti
Speed/Position
U = Power transducer
- Converter
Controller

Fig. 2: Block diagram of an SRM drive

The electronic power converter in an SRM fulfills two functions. The first is to
switch phases in the order established by the controller, based on the rotational
position. The second is to ensure the rapid demagnetization of the SRM phases.
The phase current in an SRM is unipolar so that, in principle, the switching can
be performed sufficiently by only one switch per phase (unipolar electronic
power converter). Once the switch is open, the demagnetization of the phase is
carried out through a freewheeling diode with a series resistor that applies a re-
verse voltage to the phase terminals in order to force cancellation of the current.
Nevertheless, the so-called asymmetric bridge power converter or classic con-
verter is the most usual, Figure 3. It consists of two switches per phase — generally
IGBTs — and the demagnetization circuit is completed by means of two diodes
that, when the switches are opened, apply a negative voltage to the phase with the
same value as the supply voltage. Although this converter uses a high number of
power components and drive circuits, it maintains independence between phases,
has a high fault tolerance, and offers many control options.
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Fig. 3: Asymmetric bridge power electronic converter with two IGBTs and two diodes per phase

In variable speed applications, the SRM operates in one of the following three
control modes: current mode (Fig.4); voltage mode (Fig.5); and single-pulse
mode (Fig.6). Generally speaking, the SRM is controlled in the low speed range
either by current control (hysteresis control) or by voltage control. The former
sets a current reference (Irer) and maintains the current within a given hysteresis
band, while the latter uses PWM with a variable duty cycle (D). In both cases, the
turn-on and turn-off angles, respectively, 6, and 0., are maintained constant unless
it is necessary to optimize torque ripple, efficiency or acoustic noise. At high
speeds, single-pulse control is used with the voltage at the rated value in order to
adapt the conduction period (0, - 0.) to the torque and speed requirements.
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Fig.4: Hysteresis control with unipolar modulation or soft switching.
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Fig.6. Single-pulse control

Fig.7 shows the torque speed characteristic of an SRM for electric traction with
three operational zones. In zone I, torque is constant at low speed and is controlled
by hysteresis or voltage PWM. In zone II, medium speeds, the single-pulse con-
trol is utilized, the voltage is maintained at its rated value and the conduction
period is increased (no more than half a rotor pole-pitch), which keeps a constant
power. In zone 111, high speeds, voltage remains at its rated value and turn-on and
turn-off angles are also maintained at determined value following the natural
characteristic. In addition, the torque decreases more or less with the square of
the speed. The control strategies for the different zones of operation are summa-
rized in Table II.
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Fig. 7: Torque-speed characteristic of SRM
TABLE Il. CONTROL STRATEGIES
Zone Control Operation Variables Constants
Zone | Hysteresis Lrer
Constant 60 and 6
PWM torque D
Zone 11 Single-pulse Constant 0o and O \%
power
Zone 111 Single-pulse Natural 60 and 6
\'

1.3. SRM for electric traction

A. Early achievements

SRM has always been associated with electric traction, ever since the first docu-
mented switched reluctance motor appeared in the period 1837-1840 and one of
its earliest applications (such as Robert Davidson’s design) powered a locomotive
on a section of railway between Glasgow and Edinburgh [6, 10]. However, the
rapid development of D.C. motors in the second half of the 19th century eclipsed
switched reluctance motors. The appearance of solid-state controlled switches in-
itiated a renewed interest in switched reluctance motors, but the modern era of

19



SRM DRIVES FOR ELECTRIC TRACTION

SRM did not begin until the late 70s of the last century, thanks to a research pro-
ject on battery powered electric vehicles carried out by the Universities of Leeds
and Nottingham and sponsored by Chloride Technical Ltd. [11, 12]. Later, due to
the renewed interest in electric vehicles at the end of the last century and the
beginning of the current one, several major automobile manufacturers (Toyota
[13], Daimler-Chrysler [14-15], Volkswagen [16], General Motors [17]) and a
research agency (CSIRO) developed radial-flux switched reluctance motors as
drive trains for their prototype electric cars [18]. Although some of these initia-
tives proved to be successful in test vehicles, they were not used in commercial
cars. Nevertheless, at that time, the commercial electric motorcycle EMB-LEC-
TRA [19] with a two-phase variable reluctance motor was launched and four 400
kW SRMs were used as traction motors in a LeTourneau L-1350 electric wheel
loader [20]. Two other advances were also noteworthy: the motor/generator for a
mild hybrid-electric powertrain that was developed by the SR drives® for the EC-
funded project ELMAS [21]; and the hybrid electric bus constructed by Green
Propulsion and SR drives® [22]. In recent years, great concern has emerged re-
garding the research and development of SRM in radial flux, axial flux and trans-
verse flux for electric traction applications. The major trends in this research and
development are reported below.

B. Radial flux SRM

In radial flux SRM, the air-gap flux is mainly in the radial direction relative to
the axis of rotation (see Fig. 8). This type of SRM usually has a cylindrical shape
with a stator and rotor that can be either internal (the most common) or external.
Great efforts are being made to improve SRM power and torque density in order
to match the values of PMSM [23-28]. One attempt is to maintain the conven-
tional structure of the SRM and use special soft magnetic materials with high
performance [29]. Others are based on building structures that increase induct-
ance in the alignment position and reduce it in the non-alignment position.
Among these stands out the SRM with its segmented rotor, which has obtained
good results [30-33]. It is also interesting to note the structures with higher num-
bers of rotor poles than stator poles [34, 35] and those with segmented stators, of
which several variants have been presented [35-40]. Recently, alternative pro-
posals have been made, such as the SRM double stator [41] and the SRM double
rotor [42], both of which have delivered very promising results. Another option
is the multistack (or multilayer) SRM [43], in which each phase of the machine
is wound in independent parallel salient pole stators while the rotors correspond-
ing to each stator shift between them at a determined angle. In order to facilitate
the construction of the machine and increase its fault tolerance, some of these
proposals are modular, i.e., they are built with independent yet common parts that
are assembled to form the complete machine [44]. The presentation of Land
Rover, at the 2013 Geneva Motor Show, of a range of new Defender electric ve-
hicles powered by SRM units that were developed and built by Nidec SR Drives
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Ltd., generated great expectations for applying SRM drives to electric traction
[45].

Fig. 8: Flux paths in a radial 6/4 SRM: (left) aligned position; (right) unaligned position

C. Axial flux SRM

In axial flux SRM, the air-gap flux runs mostly parallel to the axis of rotation (see
Fig. 9). The stator and rotor are parallel plates arranged perpendicular to the axis
of rotation. Some studies carried out on axial flux SRM demonstrate that this type
of machine can obtain higher torque density than do radial flux switched reluc-
tance machines. These improved features of the axial flux SRM are due to the
increased air-gap area, which depends on the diameter of the machine; while the
air-gap area in the radial-type machine depends on the machine’s length. Alt-
hough, Unnewher and Koch reported the first variable reluctance axial flux motor
as early as 1973 [46], it was not until recently that many authors have made im-
portant contributions to developing axial-flux SRM, as reported by Torkman [47].
Nevertheless, it is relevant to point out the following contributions that are of
interest for electric traction. Arihara et al. have presented the basic design meth-
odology for the axial counterpart of the classic radial flux SRM [48]. Murakami
et al., have studied the optimization of an axial-flux 18/12 SRM [49]. Labak et
al. have proposed a novel multiphase pancake-shaped SRM with a stator com-
posed of a series of C-cores, each with an individually wound coil perpendicu-
larly disposed to a rotor that is made of aluminum in which a suitable number of
cubes, the rotor poles, of high permeability material have been added. The torque
production in this machine results from the tendency of these cubes to align with
the two poles of an energized C-core [50]. Madahvan et al. have contributed to
developing the axial counterpart of a segmented rotor SRM in a machine with
two rotors and a stator with toroidal-type winding [51]. Bo et al [52] designed an
axial field SRM with a single teeth stator and segmental rotor. Recently, Potgieter
et al. [53] have released a high-speed rotor two-phase axial-flux segmental SRM.
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Andrada et al. have presented a new axial flux-switched reluctance machine with
a particular distribution of stator and rotor poles that results in short flux paths
without flux reversal. Furthermore, they propose two different types of rotors:
one conventional [54] and the other segmented [55]. Some of the contributions
cited above describe the manufacturing problems of these machines and propose
using soft magnetic composite materials for building their magnetic circuits [53-
56].

Rotor 2

Stator coil

Hollow shaft

Stator

Rotor 1

Fig.9: Flux path, aligned position, of an axial-flux SRM

D. Transverse flux SRM

In this class of machines, the flux is transverse to the direction of motion and is
generated by the flow of a current through a toroidal coil that results in a homo-
polar magneto-motive force [57-60] (see Fig. 10). The phases are independent
and disposed axially, with each one being formed basically by a U-shape stator
with a toroidal (or hoop) coil along it and a rotor with the same number of salient
poles as the stator. The torque production as in a conventional SRM is based on
the rotor’s tendency to find the minimum reluctance path when the winding is
energized. Despite their cumbersome construction, the main advantages of these
machines are that the number of poles can be increased without reducing the mag-
neto-motive force per phase. What is more, due to the particular type and dispo-
sition of the windings, the copper volume is minimized and thus copper losses
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are reduced [61]. Therefore, transverse flux SRM features high torque density
and high efficiency at low rotational speeds, which makes it a good candidate for
direct drive automotive applications [63-65].

Fig. 10: Flux paths: a) in a radial SRM; b) in a transverse flux SRM [60]

1.4. Conclusions

Despite the advantages indicated in Table I and the research efforts made in over-
coming their drawbacks (which are outlined in the previous sections), SRM
drives continue to be just one more option for the propulsion of BEV/PHEVs, as
evidenced by the fact that, to date, they have not been used in any of the commer-
cially available BEV/PHEVs [7,66]. The underlying justifications for this evi-
dence are:

e Using soft magnetic materials that are different from the current silicon-
iron laminations can improve the performance of SRM and make their
construction possible, but they greatly increase the cost.

e New SRM structures increase power and torque density in radial, axial
and transverse flux machines, but they clearly penalize the most relevant
advantage of SRMs, namely their simplicity and robustness of construc-
tion — circumstance that have a clear negative impact on cost.

e Despite the great progress made in researching the causes of torque ripple
and audible noise while seeking solutions that reduce and mitigate these
to acceptable levels in both the mechanical design and electronic control
of SRMs, these advances are, until now, insufficient in meeting the stand-
ards of the automotive industry [67].
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e There are currently no commercial controllers on the market that are in-
tended for switched reluctance motors [68].

e SRM drives are little known among engineers working in automotive in-
dustry. Furthermore, academia dedicates hardly any attention to them in
courses on electric drives.
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Soft Magnetic Materials for
Switched Reluctance Machines

Pere Andrada

2.1. Introduction

In 2011, the sharp increase in raw material costs for rare-earth permanent magnets
resulted in automakers seriously considering reductions in the mass of magnets
and even eliminating them entirely from powertrains for electric and hybrid ve-
hicles (EV/HEVs). This led to increased research in permanent magnet-less mo-
tors, such as: induction motors (IM), synchronous reluctance motors (SyncRM)
and switched reluctance motors (SRM) [1]. Although IMs and SyncRMs, mainly
the first ones, are strong competitors for the substitution of permanent magnet
synchronous motors in electric traction, SRMs still offer viable options in meet-
ing the challenge, above all due to their simple construction.

Much work is currently being dedicated to improving conventional SRMs and in
seeking new SRM topologies. In this regard, materials — especially soft magnetic
materials — play a key role in developing SRMs with higher values of
power/torque density and efficiency for E-traction. Some authors have presented
up-to-date research in developing soft magnetic materials for electric machines
[2-6] and even for use in SRMs [7]. This chapter provides a survey of the trends
in soft magnetic materials for SRMs, with special attention to their applications
for traction motors in electrical vehicles.

2.2. Requirements of soft magnetic materials for SRM application in E-traction

This section first describes the requirements of soft magnetic materials for SRMs,
then considers the demands of these materials in traction motors for electric ve-
hicles.
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A. Requirements of soft magnetic materials for SRMs

As is well known, the instantaneous electromagnetic torque of an SRM is given
by the partial derivative of co-energy, W, versus position, keeping current con-

stant, that is
ow'
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The co-energy is given by

With y =y (i,0) the magnetization curve.

In Fig.1, the magnetization curve for the end of conduction, point B, is repre-
sented by two straight lines: OA and AB. The magnetization curve for the una-
ligned position is represented by the line OC.
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Fig. 1: Magnetization curves and energy conversion loop

The SRM is a single electromechanical converter in which part of the absorbed
electrical energy is converted into mechanical energy. This mechanical energy is
the area, W (OABCO), enclosed by the energy loop between the magnetization
curve for the unaligned position, the evolution of the current during the period of
conduction of one phase and the magnetization curve for the end of conduction
(see Fig.1). Therefore, the average torque, 7.4y, will be the product of this energy
by the number of times the cycle is repeated throughout a revolution [8], that is:
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With
m being the number of phases and
N, being the number of rotor poles

The energy ratio, E, is the relationship between energy converted in mechanical

work and the energy supplied [9], taking into account the energy returned by the

motor to the supply, R(OB’BAO), is given by
4

W+R

2.4)

A high energy ratio requires that low energy be returned to the supply. Ideally,
most of the energy supplied has to be converted into mechanical work, which
implies that line OA’ overlaps with the ordinate axis, while line A’B maintains
the same slope as line AB. The coordinate axes of Fig. 1, can represent on another
scale, the ordinate axis the magnetic induction, B, and the abscissa axis the mag-
netic field strength, H. Therefore, in addition to low core losses, the magnetic
material used to channel the flux in an SRM should have high permeability values
and high magnetic flux density of saturation.

B. Requirements of soft magnetic materials used in E-traction.

The usual torque-speed characteristic of a traction motor for EV/HE Vs is shown
in Fig. 2. In the case of direct drive traction, demands of speed are no so high
thus the requirements of torque are even higher.

{ High magnetic flux density ]

High magnetic flux of saturation

Low magnetostriction

HIGH TORQUE
High copper losses

Torque

High thermal conductivity

HIGH SPEED
[ Low losses at driving frequency] High iron losses

Speed

Low iron losses at high frequency
High mechanical strenght

Fig. 2: Torque-speed profile of an EV/HEV and properties required for soft magnetic materials [10]
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From Fig. 2, it is clear that high torque is required at low speeds (starting, accel-
erating, hill climbing), with copper losses being dominant. Therefore, soft mag-
netic material requires high magnetic flux density and high magnetic flux density
of saturation. At high speeds, the iron losses are dominant and, hence, the soft
magnetic materials must have: low iron loss at high frequency; high mechanical
strength; high thermal conductivity; and low magnetostriction in order to reduce
noise. Obviously, the soft magnetic material must be efficient in the speed range
at which the vehicle is most frequently driven [10].

Fig. 2 outlines the properties required for the soft magnetic materials used in
EV/HEVs. In summary, the requirements of soft magnetic materials to be applied
in SRM for E-traction are:
e High permeability
High magnetic flux density of saturation
Low losses at driven and at high speeds
High mechanical resistance
High thermal conductivity
Low magnetostriction

In addition, the material must be able to easily take the shape of the stator and
rotor of the SRM being built.

2.3. Laminated soft magnetic materials

In rotary electric machines, the magnetic core is usually made by stacking sheets
of soft magnetic materials that have been previously cut in the shape required by
the machine’s magnetic circuit. The most usual cutting process is stamping, alt-
hough laser cutting is suitable for prototypes. The laminated soft magnetic mate-
rials most commonly used are alloys made of silicon-iron (SiFe), nickel-iron
(NiFe) and cobalt-iron (CoFe), in this category can be included the new dual-
phase magnetic materials.

A. SiFe

The first choice and the most often used material in electric machines for chan-
neling the magnetic flux is iron alloyed with some content of silicon, usually be-
tween 0.5 and 3%. There is SiFe in grain-oriented state (GO steel) or anisotropic,
with better magnetic properties in the rolling direction, and non-oriented state
(non-GO steel) or isotropic with the same magnetic properties in all directions.
Isotropic SiFe is used mostly in the manufacturing of electric machines. Non-GO
steels are available as both semi-processed and fully processed products. Semi-
processed non-GO steels require annealing after stamping to remove stress and
excess carbon. Furthermore, they are delivered without any superficial coating in
order to electrically insulate laminations from each other once stacked. Fully
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processed steels are delivered annealed and with the desired coating so that they
are ready for use without any additional processing. Low loss standard grades of
non-GO steels are always presented as fully processed laminations, with thick-
nesses of 0.35, 0.5, 0.65 or 1 mm.

In the design of SRMs for electric traction with high power/torque density and
low loss standard grades (EN 10106), such as M 270-50 A (see Fig. 3), either
M250-50A or M235-35A [11] are usually used. Some electric steel manufactur-
ers provide specific non-Go steels with better properties. ArcelorMittal offers its
iCARe® range of electrical steels, which includes iCARe® Save with very low
losses, iCARe® Torque electric steels with high permeability and iCARe®Speed,
electric steels for high speed rotors [12]. JFE Steel introduced distinctive non-GO
steels such as its JNETM series for energy efficient motors, JNPTM series for
high torque motors, the JNEHTM series for high frequency motors, and the
JNTTM series for high speed rotors [13, 14].

Fig.3: SiFe (M 270-50 A) stator and rotor lamination of an 8/6 SRM

In order to reduce eddy current losses in high frequency machines, interest is cur-
rently increasing in thinner laminations of thin gauge non-GO steel (EN10303)
with thicknesses of between 0.1 to 0.3 mm.

In addition, alloys with higher silicon content of up to 6.5% are being used. Alt-
hough the increase in silicon content has some drawbacks such as the reduction
of saturation and permeability as well as complications in the manufacturing pro-
cess due to increased brittleness and hardness, eddy current losses are reduced as
a result of their high resistivity. Hiyashi et al. have demonstrated that an SRM
built using SiFe laminations with 6.5% silicon content and Super CoreTM
10JFX900 [15] can achieve efficiency values that are comparable to interior per-
manent magnet synchronous machines (IPMSM) [16, 17]. Furthermore, J.W.
Jiang built a three-phase 24/16 SRM using this same material for a hybrid electric
powertrain that delivered very good performance [18].

Although grain-oriented SiFe is used in transformers, an SRM was recently built
using GO steel in the stator and rotor poles and non-GO steel in the rest of its
magnetic circuit, and it reportedly provided higher torque and lower losses than
the same motor built exclusively with non-oriented SiFe [19].
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B. NiFe

NiFe alloys, commonly named permalloy, typically have a Ni content of between
40% to 50%. These alloys present very low coercivity that results in very high
permeability, but their main drawbacks are their low saturation and small mag-
netic flux density.

C. CoFe

CoFe alloys, commercially known as permendur, exhibit the highest saturation
levels (2.43 T). Typically, they have a Co composition of 49%, Fe of 49% and V
of 2%. They also have high mechanical strength, for which they are recom-
mended in the construction of high-speed rotor cores. Due to their high cost, their
use is limited to high performance machines. Some SRMs have been built with
CoFe alloys, such as the high speed 250 kW starter/generator system used for
starting and secondary electrical power extraction from an aircraft propulsion gas
turbine [20]. Also notable is the comparative study of two 12/8 SRMs with the
same dimensions but comprising different core materials: one with conventional
non-GO steel and the other with permendur. The experimental results showed
that the SRM made of permendur achieved higher torque and efficiency than the
conventional SRM [21].

D. Dual-phase magnetic materials

Recently dual-phase magnetic materials have been developed [3, 22], with these
materials having intermixed first and second regions, the first a magnetic region
and the second a non-magnetic region. Both regions contain only limited amounts
of carbon: less than about 0.05 % of the total weight. The second region includes
greater than 0.4 % of the total nitrogen weight. The material is prepared according
to the method described in [22]. From a magnetic point of view, using this kind
of material can facilitate the construction of segmented SRMs and maintain the
rotor pole saliency in conventional SRMs, while the air-gap remains constant and
thus reduces windage losses and torque ripple (see Fig. 4).

Fig.4: Dual phase lamination of a 6/4 SRM rotor: magnetic region (in grey) and non-magnetic re-
gion (in black).

34



Soft Magnetic Materials for Switched Reluctance Machines

2.4. Amorphous magnetic materials

Amorphous metals are non-crystalline materials that have a glass-like structure.
The boron, silicon, and phosphorus alloys, as well as other glass formers with
magnetic metals (iron, cobalt, and nickel) have high magnetic susceptibility, low
coercivity and high electrical resistance. The conductivity of metallic glass is of
the same low order of magnitude as molten metal at just above the melting point.
The high resistance leads to low losses from eddy currents when subjected to
alternating magnetic fields. The amorphous magnetic materials are provided as
thin metal sheets (25 pum) in the shape of a rolled ribbon. These materials are used
in wound core transformers in order to reduce iron losses. Due to their thinness
and brittleness, their use in electrical machines is more cumbersome and they are
thus limited to cores with simple geometries. The core is usually made by punch-
ing-out or by laser cutting a layered block made of ribbons of amorphous mag-
netic material that are held together by an adhesive. Some switched reluctance
machines have been built using amorphous magnetic materials that achieve
higher values of efficiency than those using conventional SiFe alloys [ 23, 24].

2.5. Soft magnetic composites

The use of powder metallurgical materials provides all the advantages of powder
metallurgical production, such as low cost, tight tolerances, complicated forms
and minimum material waste [25]. Soft magnetic composites (SMC) are powder
metallurgical materials that can provide magnetic properties comparable to SiFe
laminations at medium and high frequencies [26]. SMC materials are made of
iron powder particles coated with an electrically insulating layer and can be for-
med into complex shapes by means of powder metallurgy, thereby allowing for
three-dimensional magnetic circuit designs that open up the possibility of buil-
ding axial or transverse flux motors — which would be impossible or prohibitively
expensive if using laminated soft magnetic materials. Nevertheless, complex de-
signs are restricted by the compacting process in order to get a uniform pressure
and as a consequence density in the piece. The mechanical properties of SMC
are lower than laminated magnetic materials. SMC materials have very high re-
sistivity, which means low eddy current losses. The main drawbacks of SMC are
its low permeability, as well as the fact that its flux density for the same magnetic
field strength is lower than that of laminated magnetic materials. Manufacturing
SMC consists of mixing iron powder with a binder, compacting the material at
high pressures (500-800 MPa) in a mold and then curing it at relatively low tem-
peratures of 200-650°C. Most SMC manufacturers provide specific material for
prototyping; these are machined blanks that suffer little change from subsequent
machining processes [27]. Vijayakumar et al. [28, 29] compared the torque and
made a dynamic analysis based on the geometry of a 6/4 SRM built first using
non-Go steel (M-19) and then two types of SMC (Somaloy 500 and 1000). Many
authors have used SMC to construct new types of axial-flux SRMs [30-32] that
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would not have been possible using laminated soft magnet materials. Fig.5 shows
the stator and rotor pole pieces of an axial flux motor made using SMC.

Fig. 5: SMC pieces of an axial flux SRM [31]

2.6. Conclusions

None of the materials described in the previous sections meet all the soft magnetic
material requirements for applying SRM in E-traction. Nevertheless, each one
stands out in some way. For example, NiFe alloys have the highest permeability;
CoFe alloys achieve the highest magnetic flux saturation while also standing out
for their mechanical properties; amorphous metals have the lowest iron losses;
SMC allows making magnetic circuits in complicated shapes; and the different
SiFe alloys provide a cheap solution in most cases. Table I lists some of the phys-
ical and magnetic properties of the soft magnetic materials that are most com-
monly used in these kinds of applications, while table II compiles their
corresponding iron losses. Undoubtedly, a CoFe alloy would be the best alterna-
tive for a radial-flux SRM that can handle the same speed characteristics as those
illustrated in Fig. 2. However, its high cost may discourage its use in favor of
6.5% non-GO steel. In the case of a direct drive motor, it would be better to opt
for specific non-GO steel for high torque. Given the complex construction of a
medium or high frequency axial-flux motor, the best option would be to use SMC.
There presently remains much to investigate, not only in terms of materials that
improve on the properties of those currently in use, but also in regard to materials
that can be additively manufactured [33].

36



Soft Magnetic Materials for Switched Reluctance Machines

TABLE |. COMPARISON OF MAGNETIC CHARACTERISTICS

Alloy  Type Thickness Density Resistivity Bat0.8 B at2,5

(mm) (g/cm®) (nQcm) kA/m  kA/m
M250-35 0,35 7.6 55 - 1.53
M250-50 0,5 7.6 59 - 1.55
SiFe Thin Non-Go 0,1 7.65 52 1.15 1.63
Non-GO Si 6,5%
10JNEX900 [15] 0,1 7.42 82 1.29 1.40
49% Co, 49% Fe, 2% V
CoFe VACOFLUX 48 [34] 0.35 8.12 42 2.1 2.23
Amor- ¢, pased amorphous 0.025 718 130 138 -
phous
SMC Somaloy 700 3P [35] solid 7.57 20000 0.74 1.25
TABLE II. COMPARISON OF SPECIFIC IRON LOSSES
Losses Losses Losses
Alloy Type Wikg W/kg W/kg
1T/50Hz 1T/400Hz 1T/1kHz
M250-35 0.98 17.1 72.6
M250-50 1.02 23.4 113
SiFe Thin Non-Go 0.8 8.5 271
Non-GO Si 6,5%
10JNEX900 [15] 0-5 37 18.7
1.6 31 147
0, 0, o
CoFe 2,91&/&8‘;1‘4‘%2 E;’éf]v (1.5T/ (1.5T/ (1.5T/
50 Hz) 400 Hz) 1kHz)
Amorphous Fe-based amorphous 0.1 1.5 5.5
SMC Somaloy 700 3P [35] 5.0/6.1 45 132
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PM to RSM Rotor Replacement
Study on Traction Machines

Avo Reinap

3.1. Introduction

Transport electrification gains uninterruptedly interest as this is apparently one
of the promising ways towards sustainable, energy efficient and environmen-
tally friendly future. No pain, no gain — all electric drive system components
are under continuous research and examination in order to increase the power
density, efficiency, reliability while seeking for suitable materials and produc-
tion technologies for the sake of more affordable solutions and sustainable prod-
ucts. Since the transportation means motion, mechanical energy needs to be
present and unquestionably the electrical machine or machines take place in this
system. Is it matter of taste, how the vehicle looks like or what components are
used to achieve the desired unfailing functionality? Well, usually the prosperity
advances living environment, which can be exemplified by the abrupt change
of raw material price in permanent magnet (PM) in 2011 that concern is clearly
seen in publications and research headlines as a cost issue. Inopportunely the
environmental issues related to material engineering and technology develop-
ment are seldom if ever reflected in context of electrical machine design. Posi-
tively, the cost concern of PM materials has triggered research towards PM-less
machine topologies, e.g. reluctance machines (RM), and judge different options
for system development instead of selecting hastily a PM-machine topology in
order to increase simultaneously torque density, power density, efficiency and
so forth and on. Electrical machine design and engineering is multidisciplinary
wherever competency should not be replaced by effectiveness. Diversity of
electric drive system requirements can take functional advantages of the spe-
cific features that an explicit type of electrical machine can provide. As a matter
of fact, the implication on high speed and temperature capability, higher relia-
bility over wider constant power speed range favor reluctance type of machines
to any other types. This objectionable exaggeration is based to facts that
switched reluctance type of machines (SRM) are used in aircraft as generators
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[1][2][3] and auxiliary drives [4], turbo machines [5] where desirable high
power density is not gained from increasing the torque per unit of machine ra-
ther than increasing the speed. Fascinatingly, RM types of machines have found
a way into wind turbines [6][7] as this low speed application challenges ma-
chine designers when looking for direct gearless, reluctance generators as pro-
spectively pm-less and fault tolerant solutions. These prototypes were designed
and evaluated 100-115 rpm at output load partly or completely fulfilling the
targeted 10 kW [6] and 20 kW [7]. However, vehicular electric propulsion ma-
chines and drives is application area where the low price can be more valuable
than the weight and size [8]. As a matter of fact, the collected experience on
machine modelling and development of reluctance type of machines [9] com-
pared to various design challenges and practical realizations [10] encourages
researchers working on reluctance machines and drives. The challenging design
aspects of RM, which reduces their ranking [11], is torque ripple and noise
which is directly connected to torque production and torque capability of these
type of machines. The main target of this chapter is road bound transportation
and traction machines, which could take advantage of less permanent type of
machines. The disposition of this work is not restudying what previously is done
rather than providing evaluation example of a PM and its’ RM counterpart with
the focus on torque production capability and quality when exploring the mag-
nitude and force distribution in the air-gap. The study starts from general ma-
chine construction, moves into the air-gap of selected machines, focuses on the
magnetic shear stress distribution along the gap circumference and compares
the torque production.

The objective of this chapter is not praising reluctance machines nor do com-
paring alternative PM-less machines rather than putting RM into content of PM
traction machines. This contextualization is based to replacement of PM to RM
rotor and comparison of torque capability. However, since the PM machines
need to operate over relatively wide speed range the feature is achieved either
by rotor design or usage of distributed concentrated windings. Furthermore, as
the stator layout takes advantage of inserted windings or core segments the ma-
chine layout reminds apparently switched reluctance machines. As a matter of
fact, constructional modularity and simplicity are often awaited features that
not only production technology but also faultless drive can take advantage on
behalf of machine topology selection and design. Some efforts are made do
demonstrate the torque producing force distribution in the air-gap that is more
concentrated peaks in RM machines compared to PM machines. However, the
machine specification and design are driven by the system requirements to-
wards application and likely there are many options, solutions and valuable can-
didates that should not be related only to torque capability or ripple.
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3.2. Machine topologies

When considering that origin of torque in any electrical machine is based to ex-
citation and reluctance torque or in combination of these two then the machine
topologies can simply divided into non-excited, temporal (electrically) excited
and permanent excited machines, where the first category can take advantage
only of reluctance torque. This nomenclature of none-excited and temporary ex-
cited is more unconventional as terminology of single-fed and double-fed ma-
chines. The purpose of recalling the machine topologies differently is to
distinguish machine types that are naturally capable to higher torque and the oth-
ers which are better suited operating over wide speed range. Obviously electrical
machines for transportation need to provide both, and not only, reliability and
fault tolerant operation are some of the features where RM becomes beneficial.

The topology classification is made in two levels according to

A. electromagnetic and geometric arrangement — excitation and saliency
B. electromagnetic mechanic interaction — more focus on machines with no
rotor excitation

A. Excitation and saliency

The geometric electromagnetic arrangement of electrical machines can be sorted
among none, single, or double-salient and single or double-fed machines. Table
I demonstrates machine layouts that have coils in stator and rotor and formation
of stator and rotor saliency that result double salient structure used in variable and
switched reluctance machines.

TABLE | MACHINE CLASSIFICATION ACCORDING TO GEOMETRIC
ELECTROMAGNETIC ARRANGEMENT

ROTOR SALIENCY

STATOR
SALIENCY

43



SRM DRIVES FOR ELECTRIC TRACTION

The geometric arrangement of radial flux machines (Table I) can have even dual
rotor or stator but this does not provide any obvious benefits and common for all
topologies the saturation limit to magnetic loading and temperature limit to elec-
tric loading are the main constrains to torque capability. Ideally, the torque would
be generated all around rotor belt, but practically the force distribution between
the machine parts is rather local and concentrated. The machine layouts (Table I)
can reveal a subjective guesstimate of tangential forces behind torque generation
and structural loads behind noise generation.

B. Electromagnetic mechanic interaction

Starting from control involvement and maximizing torque product, the reluctance
type machines RM are mostly known as variable reluctance, switched reluctance
and synchronous reluctance. It is just unfair to locate or limit (us) in the UK or
few references but the RM knowledge established by T.J.E. Miller [12], A.G.
Jack, and B. Mecrow [13], the continuous contribution by Z.Q. Zhu [14] provides
rather adequate overview, outline and challenges of the development on RM type
of machine related topologies. As a matter of fact, there are considerably more
engineers and researches who have contributed to RM machine and drive system
development. When considering machine construction then the common nomi-
nator of all these contributions is based to a geometrically undemanding salient
rotor core that takes advantage of simplicity, fault tolerance, high speed and high
(rotor) temperature operation. Fig. 1 gives an example of research interest and
demonstrates rotor alternation from conventional (in the left), to unconventional
(in the middle) and further on to eccentric (in the right). The RM layouts that
were irrational or unthinkable in 1980s have received intention this century
[15][16]. The eccentric RM has been an effort to merge cycloid gear directly to
electromagnecally excited ring gear [17] and if nothing else so has this “inven-
tion” triggered modal analysis of forces in order to understand the behavior of the
actuator.

Fig. 1: 6-tooth stator 4-tooth rotor 6S4R (left), centric 6SSR (middle) and eccentric 6S5R (right)
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Electromagnetic mechanic interaction in magnetic field is important aspect when
comparing or developing RM type machines. Radial magnetic force is recognized
as main contributor to the noise [18] and satisfactory operation over the wide
power speed range including the unbalanced magnetic force requires powerful
models to understand the complex rotor dynamic interactions [19]. The electro-
magnetic forces applied to machine cores and analysis of structural response
modes facilitate understanding the origin of noise generation and propagation in
RM [20]. The RM can be operated into deep saturation for the sake of maximizing
torque and consequently the over-forced salient structures are more tend to audi-
ble noise than cylindrical medium forced machines. RM machines appear in var-
ious stator tooth to rotor tooth configurations from reluctance Vernier machine to
a conventional few tooth configuration (Fig. 1 right). Similarly, the coil arrange-
ments appear from single layer to double layer winding (coils sharing the same
slot) and from single-fed to double-fed machine when considering that armature
coil and field coils are both integrated into the stator core to facilitate flux switch-
ing and variable flux topologies. The core development contributes also to RM,
as it can take advantage of c-cores, have portioned cores and integrate machines
towards magnetic gears. However, PM integrated RM types, where PM is part of
stator structure has the majority but RM with dual stator windings and related
research is well presented.

3.3. Core material selection

Since the RM can operate to high saturation and the gap length is a few % of
magnetizing path the high flux density magnetic cores become stimulating design
option. Soft magnetic material development towards higher speed (frequency)
gives obviously satisfactory results of reduced power losses [21] while higher
magnetic flux and torque capability may not result to expected upgrading on spe-
cific torque [22]. In this evaluation 6 different grades are compared (Table II).

TABLE Il SOFT MAGNETIC CORE MATERIALS

Density Thickness  Saturation Losses @1kHz

Grade Material [g/om’] [mm] [T] 1.5T [W/ke]
Vacoflux 48 Fe Co 8.12 0.1 2.3 38.0
Vacodyr 49 Fe Co 8.12 0.15 2.3 100
Vacodur X1 Fe Co 7.9 0.2 2.1 146
Arnon-5 Fe Si 7.65 0.127 1.9 78.7
HI-LITE NO10 Fe Si 7.65 0.1 1.8 83.7
M250-35A Fe Si 7.6 0.35 1.8 191
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Initially the selected machines are evaluated using FeSi core M250-35A, whereas
RM machines are also evaluated by using FeCo core Vacoflux 48 and (cost) op-
timized FeCo core Vacodur X1. Material data are provided by material develop-
ers and producers [23][24][25][26].

3.4. Torque generation

The primary purpose of an electrical machine is to produce the torque — driving
or braking, which means that the question for electrical machine engineer is
where (in design), when (in control) and what conditions (in physics) the con-
struction provides the desired forces for torque. The exploration of flux density
distribution and the resulting magnetic forces improves the understanding on the
origin of forces and the capabilities and design issues of different machine topol-
ogies rather than developing comparisons between apples and pineapples. Usu-
ally, the comparison condition is made simple as the criterion is which machine
provides most torque (consequently also power) and lowest price at given space.
This work provides the same type of unfair comparison as it evaluates two differ-
ent stator layouts with two different types of rotors. The initial machines are “op-
timized” PM machines for use in traction application and they take advantages of
3-phase vector control. Meanwhile, the proposed RM counterpart uses a simple
switching sequence with one-phase energized only and the proposed rotor geom-
etry, which replaces the PM rotor, is not optimized to take advantage of SRM
drive or use sinewave currents from conventional voltage source inverter as PM
machine [27]. The torque generation analysis is done as following

1. Flux density distribution and resulting forces at a single rotor position is
compared to demonstrate the conditions and outcomes for comparison

2. Static torque characteristics are obtained at different rotor position and
current levels in order to compare low-speed torque capability of selected
topologies

3.5. Case studies

The selection of electrical machines for comparison are shown in Fig. 2 and fur-
ther specified in TABLE III. One of the initial machines (12-tooth 8-pole Fig. 2),
which is initially with interior permanent magnet (IPM) rotor, are discussed in
[28] whereas the investigation on cooling integration and thereby improving the
torque capability of the machines are presented in [29] (12T8P) and [30]
(18T16P). The number of turns per phase and maximum reference current is cho-
sen so that the selection of machines becomes somehow comparable and place
the current level in content of previous thermal analyses. 0.7 mm air-gap is used
in counterpart RMs.
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Fig. 2: 12-tooth 8-pole, 12T8P (top) and 18-tooth 16-pole 18 T16P (bottom) machines

TABLE Ill SPECIFICATION OF 12-TEETH 8-POLE (LEFT)
AND 18-TEETH 16-POLE (RIGHT) MACHINES

Quantity, symbol [Unit] 12-teeth 8-pole (12T8P)  18-teeth 16-pole (18T16P)
Outer diameter, Do [mm)] 246 240

Active length, H [mm)] 27 200

Number of turns, N [turns] 4x11 6x7
Reference current, [ [A] 300 300

Active weight, m [kg] 12 45

The active length means that the axial length of overhangs is excluded and in case of weight the
housing, shaft and bearings are excluded. The weight approximation is made for PM type of ma-
chine.
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3.6. 12-Tooth 8-pole machine

This machine is used mainly as generator for light vehicles with some evaluation
presented in [28] and research on development of direct cooled windings is pre-
sented in [29].

A. Magnetic loading

The purpose of magnetic analysis is to visualize flux density distribution of the
loaded machine with different rotors (Fig. 3) and investigate tangential force dis-
tribution around rotor in the air-gap (Fig. 4). As the PM machine have two coils
excited and RM only one then the current is doubled in RM machine in order to
show that the machines have the same MMF. The magnetic loading is shown with
FeSi core (M250-35A), optimized FeCo core (Vacodur X1) and high flux density
FeCo core (Vacoflux 48) in Fig. 3. Fig. 4 compares the machines with FeSi core.

Magnetic flux density B, [T]

1.0 1.3 1.6 1.9 22

Fig. 3: Flux density distribution of IPMSM at 150 A at two phases (left) and SRM at 300 A at sin-

gle phase
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Fig. 4: Flux density distribution along the air-gap from 0 to 90 mechanical degrees and resulting
tangential magnetic stress component (ct) of 12T8P machine
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The resulting torque for these machines at given rotor position is 33.9 vs 59.8
Nm, respectively for SRM and IPMSM machine. As the instantaneous value of
torque contains ripple the torque values for specific position are not clearly com-
parable. However, this comparison demonstrates the tangential flux and tangen-
tial force distribution as a character of torque production.

B. Torque capability

The focus is on low-speed torque of the previously presented RM. Fig. 5 demon-
strates static torque as a function of rotor position from un-alignment to align-
ment, from unstable equilibrium position to stable equilibrium position and the
currents at different level are kept constant. If the excitation sequence that con-
sists of 60° constant current pulses from 0.~{40°-100°}(Fig. 5) then the (static)
torque capability can be compared for the machines (Fig. 6)
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Fig. 5: Static torque characteristics of 12T8P machine at constant current
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Fig. 6: Torque as function of current related to current density and power losses
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Fig. 5 compares FeSi (M250-35A) core to FeCo (Vacoflux 48) core where lighter
curves with smaller labels belong to high flux density material. Fig. 6 extends
this comparison to other core materials. Different cores can be distinguished by
the materials used (FeSi or FeCo) and lamination thickness between 0.10 and
0.35 mm. The remaining challenge is to establish a fair comparison condition and
to interpret the equal amount of current in PM and RM. PM machine consumes
3-phase currents followed by maximum torque per ampere (MTPA) line. RM has
1/3 duty or rectangular wave excitation, which means that the dc current levels in
Fig. 5 are adjusted by V3 for the same heating power. As Fig. 6 shows in this
comparison, the RM is capable of 40-50 Nm depending on core type at 300A
while PM machine would be capable of 80 Nm.

3.7. 18-Tooth 16-pole machine

This machine with surface mounted magnets (SPM) is used for traction in an off-
road vehicle. The evaluation of power losses and integrated direct cooled wind-
ings of this machine is presented in [30].

A. Magnetic loading

Similar to previous machine example, the flux density distribution of the loaded
machine with different rotors (Fig. 7) and investigation of tangential force distri-
bution around rotor in the air-gap (Fig. 8) are shown. The core material is changed
and presented as previously in order to study the benefits of replacing core of RM
machines for higher torque capability.

Fig. 7: Flux density distribution of 18T16P SPMSM at 150 A at two phases (left) and SRM at 300
A at single phase
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Fig. 8: Flux density distribution along the air-gap from 0 to 180 mechanical degrees and resulting
tangential magnetic stress component (o) of 18T16P machine

The resulting torque for these machines at given position is 91 Nm and 281 Nm,
respectively for SRM and SPMSM machine. The first impression is that the dif-
ference becomes larger than for the previous case. This is acceptable since if the
previous machine took advantage of PM and RM excitation to maintain high
speed torque then this purely surface mounted PM machine takes advantage of
stator reactance for high speed operation. However, this reactance is not favor for
RM counterpart and the discrepancy between the machines with different cores
becomes larger. Similar to Fig. 4, Fig. 8 demonstrates the significance of shear
stress, which is the tangential pressure that produces torque, and which becomes
thornier and less distributed in case of RM.
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Fig. 9: Static torque characteristics of 18T16P machine at constant current
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B. Torque capability

Even if Fig. 9 shows noticeable increase in torque when replacing FeSi material
to FeCo material the improvement is insignificant to the initial machine with PM
rotor (Fig. 10). The static torque for 18T16S RM as a function of rotor position
from un-alignment to alignment is proceeded identically to previous calculation
shown in Fig. 5.
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Fig. 10: Torque as function of current related to current density and power losses

Fig. 10 reveals that simple replacement of PM rotor against RM rotor results vast
loss of torque, which due to machine layout that has rather large stator reactance
compared to reluctance change that the relatively small rotor is able to produce.
These outcomes convince that simple replacement of machine components such
as machine parts or materials when replacing the core does not provide direct
revenue in machine performance.

3.8. Conclusions

This chapter evaluates and compares two electrical machines when replacing PM
rotor with RM rotor. The comparison is rather limited and underestimates the
double salient reluctance machines as the machine type is not specifically de-
signed for the designated design space and mission. However, as the rotor re-
placement demonstrates of these examples the torque capability can be reduced
by half or by factor 5! The latter is a machine where surface mounted magnets
keep up the magnetization of the stator with distributed concentrated winding that
have already a large inherent reactance for wide speed range capability. This
weakness of torque capability in SRM machines is changed when considering the
advantageous features of SRM drives such as wide speed range and more hazard-
ous conditions and fault tolerant drive.
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Variable Reluctance Motors for
Automotive Applications. The
Modular Construction
Approach

Lorand Szabd

4.1. Introduction

Nowadays, the automotive industry faces significant technological changes,
mainly connected to the inherent transit to hybrid and full electric cars. Beside
the integration of new drivelines based on electrical machines, the electrical drive
systems gain more and more importance also for the car auxiliaries, basically due
to the spread of x-by-wire (XBW) systems proposed for diverse vehicle controls,
as throttle, braking, steering, shifting, clutch, etc. All for these purposes ad-
vanced, low cost, high efficiency, fault tolerant electrical machines are needed,
which can operate also at high temperatures [1], [2].

For such automotive applications, variable reluctance machines (VRMs) are well-
fitted due to their various advantages. Their construction is very simple, robust
and reliable, as they do not have in their rotor windings or cages, only possibly
in some special cases permanent magnets (PMs). The passive rotor is generating
low quantity of heat; therefore, the cooling is straightforward. Generally, they
have high efficiency and strong overload capacity. Supplementary, they can be
easily integrated in digital systems, as being driven in an advanced way by means
of electronic controllers, which usually implies the need of position sensors.

As most of VRMs are PM free, they do not face the numerous problems related
to the nowadays use of rare earth PMs. The demerits connected these magnetic
materials are connected to their high prices, lower maximum allowable tempera-
ture and weak resistance to corrosion. Furthermore, there are several discouraging
economy-related matters in relation with them, as unpredictable price due to the
market monopoly of China, rapid depletion of ore reserves, etc. [3].
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The VRMs have two basic configurations, the simple salient type or the double
salient type. In both variants, the VRMs may have distributed, concentrated or
homopolar windings, and eventually PMs placed in the stator or in the rotor.

VRMSs work upon the minimum magnetic reluctance principle. Their passive sa-
lient rotor moves in such an angular position where the minimum reluctance
(magnetic resistance) is achieved, i.e. when the poles on the two armatures are
aligned. In this situation, the axis of the magnetic field produced in the stator will
match the axis of the magnetic flux passing through the rotor. As a result, the
magnetic field in the active poles and the inductance of the supplied coils are at
their maximum value [4]. Another of their benefits is that they can be built up in
an advantageous modular way [5], [6].

Upon the definition of the modularity, different parts of a system comprise of
smaller subdivisions (modules), which can be designed and manufactured sepa-
rately, and only later connected together to work as a sole unit [7]. In the case of
electrical machines, the modular approach means that their main parts (the stator
and the rotor) can have a segmental construction. This design not only enables
easy manufacturing and maintenance, and increased efficiency, but assures in
several cases also a high fault tolerance of the electrical machines [8].

The "modular motor" concept originally came out as a response to increasing
safety and reliability requirements for the electrical machines. First time it was
used in 1977 when a modular motor was patented by C.R. Carlson Jr. and
M.J. Hillyer [9].

The chapter is a survey of the main modular VRMs. The investigation is focusing
especially on the machines proposed to be used in diverse automotive applica-
tions, including the traction drive and the auxiliaries.

The greatest part of the modular VRMs which were developed upon the modular
approach are switched reluctance machines (SRMs). They can have segmented
stator or rotor iron core, but also several variants having both armatures modu-
larized are cited in the literature. The survey also covers other modular VRMs, as
of transverse flux type or doubly salient ones.

The final part of the chapter is an overview of the advancements brought by the
iron core segmentation to the developments in the field of electrical machines.

4.2. Modular switched reluctance machines

Due to the simplicity of the SRMs, they can be easily constructed modularly. By
the segmentation of the iron core, the magnetic flux in the machines can be in-
creased, resulting in higher torque. Moreover, due to the optimized (shortened)
flux paths, the iron core losses can be diminished.
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The main challenge in designing such machines is to find an efficient way of
joining together the modules in a way as to maintain the robustness of the classi-
cal construction SRMs.

A. Variants with modular stator

In the case of modular stator type SRMs, the stator is usually made of several, C-
or E-shaped electrical steel laminated segments.

C. Lee made significant efforts to reduce by 20% both the copper and iron re-
quirements of a two-phase SRM by applying E-shaped stator iron core modules
(see Fig. 1) [10].

Fig. 1: Two supplying sequences of the modular two-phased SRM [10]

Each stator segment has three poles, two at its ends, with concentrated coils
wounded around, and one in the center, having double cross section and lacking
windings. The two modules of the stator can be joined together either by prefabri-
cated plastic molding or by a sleeve-type fixture. The SRM variant enables a very
efficient use of the iron core, since the middle pole is passed thru all the time by
magnetic flux, as it can be seen in the two supplying sequences shown in Fig. 1
[10].

E-shaped iron
core module
Joint

Fig. 2: 9/12 poles modular SRM [11]
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The above presented structure was improved by H. Eskandari et al. by increasing
the number of stator modules from two to three (as it can be seen in Fig. 2),
mainly to increase the generated torque and the mechanical strength of the stator,
and also to reduce its vibrations, an essential issue in automotive applications

[11].

The segmented stator SRM can be built up also with external rotor. A such variant
has 6, essentially E-shaped stator iron core modules, each with four poles, and a
solid 22-poles outer rotor (as it can be seen in Fig. 3) [12]. It was demonstrated
in the paper, that this SRM, designed for hybrid electrical vehicle applications,
can produce over 20% higher torque as its classical SRM counterpart.

Quter rotor core

Stator E-shaped core

Fig. 3: Outer rotor segmented stator SRM topology [12]

A segmented stator SRM with 16 stator and 14 rotor poles given in Fig. 4 was
proposed by M. Ruba et al. [13], [14].

Fig. 4: The segmented stator SRM [13]

Its stator is built up of 8 U-shaped iron core modules, as that in Fig. 5. The coil
is wound round the yoke. Two adjacent modules are separated by a non-magnetic
spacer, which both assure the adequate shift of the modules, and a good magnetic
separation. The rotor is a usual salient pole passive one.

60



Variable Reluctance Motors for Automotive Applications. The Modular Construction Approach

command coil

non-magnetic U-shaped
spacer iron core
: 4
\ @ o /
|, W - /
A

Fig. 5: A stator segment of the SRM given Fig. 4

The main advantages of this SRM developed for automotive applications are the
easy and cheap manufacturing, high fault tolerance [15], less iron losses, and the
opportunity of a fast on-site replacement of a damaged module in case of a coil
failure.

B. Segmental rotor approach

Several SRMs were developed with modular rotors. One of the first such con-
structions was patented by G.E. Horst [16]. The rotor of this two-phase unidirec-
tional SRM is built up of independent iron core segments, as it can be seen in Fig.
6. The main advantage of this SRM variant is its great torque density.

Fig. 6: The iron cores of a segmental rotor [16]

A newer, three-phase variant of the modular rotor SRM was proposed by
D.C. Mecrow (see Fig. 7). The 8 rotor modules are attached to a non-magnetic
steel shaft, which disables the circulation of the magnetic flux between the mod-
ules. The rotor segments require both circumferential location and retention
against axial and radial forces, which is a common shortcoming of the segmental
rotor constructions [17].

61



SRM DRIVES FOR ELECTRIC TRACTION

Fig. 7: Segmented rotor SRM [17]

This 12/8 poles SRM variant, as most of the modular rotor variants, has an im-
portant advantage over the classical design, that the flux path through the rotor is
short. Each magnetic flux path only encloses a single stator slot, as it can be seen
in Fig. 8. Thus, lower iron losses were achieved.

a) aligned position b) unaligned position

Fig. 8: Flux lines in the segmental rotor SRM [17]

In [17] the authors compared the SRM given in Fig. 8 with both the axially lam-
inated and the usual salient pole design. It was shown that higher torque per unit
magnetic loading can be produced with the modular variant due to its better mag-
netic utilization. When one phase is supplied, 8 of the 12 stator poles are active
(as compared with 4 in the case of a classical SRM). Hence the motor carries
much more magnetic flux, more torque is generated.

J.D. Widmer et al. demonstrated in [18] that segmented rotor SRMs construction
having a greater number of rotor segments than stator poles can lead to substantial
performance increasing, mainly at low speeds and current densities. In the paper
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also, useful relationships are given for the optimal calculation of the basic stator
pole per rotor segment combinations, both for the SRM variants with fully-
pitched and single-tooth windings.

Rotor Outer flux Inner flux Stator Pole Outer flux
t conductive conductive 2 7 conductive
segmen ring ring / ring
Pole — —
Stator
Inner flux Rotor

conductive \ segment

ring /

Coil —

a) 3D view b) cross section

Fig. 9: Modular rotor axial flux SRM [19]

Also, the axial flux SRMs were developed with segmented rotor. Diverse such
constructions are cited in the literature. An interesting variant was proposed by
W. Sun et al. It has a closed cylindric construction [19]. The basis of both twin-
stators, as it can be seen in Fig. 9, is an iron core disc having 6 poles on it. Each
pole has a concentrated coil wound around. The magnetic fluxes generated are
directed from one stator to another via the rotor by means of two conducting rings,
one in the exterior of the stator and another in its interior. The rotor of the SRM
comprises of 4 pie-shape cross section, equally shifted iron core segments. Due
to this compact construction the SRM is very robust, its coils being totally en-
closed inside the machine. Thus, they are well-protected, but their extra heating
can be expected, too

Retaining disk

Rotor segment

Stator core

Fig. 10: Inner stator modular axial flux SRM [20]

63



SRM DRIVES FOR ELECTRIC TRACTION

A modular axial flux SRM with interior stator was proposed by R. Madhavan et
al. As it can be seen in Fig. 10, the stator of the machine has poles on both of its
faces, and the axis of the toroidal windings located on it are on the radial direc-
tion. The machine is closed on its both ends by two retaining disks. On the shaft,
between these disks and the inner stator, are placed the two rotors comprising of
a non-magnetic disc having embedded simple rotor iron core segments [20].

If the rotor segments of the axial flux SRM are fully inserted inside the non-mag-
netic material, high-speed applications are enabled. A simple such SRM with a
single stator is proposed in [21]. Another specially constructed axial flux SRM
variant was developed especially for automotive traction applications [22].

C. Doubly segmented construction

A doubly segmented SRM, having both segmented stator and rotor, was proposed
by M. Diko et al. (see it in Fig. 11) [23]. Its stator comprises of E-shaped modules
with a concentrated coil on their yoke, like that given in Fig. 5. The rotor has
segments as the SRM in Fig. 7.

Stator
yoke

Fig. 11: Doubly segmented SRM [23]

The three-phase machine has a 12/8 poles structure. It is water-cooled by means
of a spiral and is proposed to be used in an electric mini truck. It has very short
magnetic flux paths and increased fault tolerance.

In [24] X. Xue et al. proposed an axial flux SRM segmented on both armatures,
having a yokeless rotor (see it in Fig. 12). Its stator is built up of 8 C-shaped
modules, each having two coils. The 10 rotor poles are connected to the shaft by
simple support branches. Thus, the rotor had low mass and inertia, being well-
suited for applications requiring good dynamic behavior, as also some of the au-
tomotive applications.
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stator  fl Uﬁ1 coils
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iron core
)

stator iron

rotor

pole

rotor

support /shaf't
| Cal .- shaft

Fig. 12: Doubly segmented yokeless rotor Fig. 13: The pancake shaped doubly modular
SRM [24] SRM [25]

A. Labak and N.C. Kar developed a similar, but axial flux SRM. Its stator com-
prises of 16 C shaped iron core modules, each having a concentrated winding on
it. The active parts of the rotor are the so-called cubes, embedded in an aluminum
disc having the shaft in its middle, as it can be seen in Fig. 13. Due to its optimized
flux paths, it has high efficiency, and thus it is proposed for electrical vehicle
powertrain applications [25].

A very compact in wheel axial-flux segmented SRM was proposed by the re-

search team lead by P. Andrada (see Fig. 14) [25].

Stator pole Rotor segment

Structural disk

Fig. 14: The in wheel segmented rotor axial SRM [26]

As it can be seen in the figure, the stator is made of wedge-shaped iron core mod-
ules with concentrated coils wound round them. The segments are kept together
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by a non-magnetic structural disk. The stator is sandwiched by two specially seg-
mented rotors, also placed on non-magnetic support plates. The iron core seg-
ments are made of soft magnetic composite (SMC). The SRM has very short
magnetic flux paths without flux reversal. It was particularly developed to direct
drive light scooters or motorcycles.

An axial flux doubly segmented SRM was also developed by Z. Pan et al. [27].
Each of the 12 C-shaped stator modules, placed directly on the housing, have two
together connected coils. The rotor comprises of 8 equally shifted active segment,
as it can be seen in Fig. 15. The highly compact machine has good efficiency due
to the low iron and copper losses.

. Rotor
Housing bracket

Stator
bracket

Rotor

Stator

Fig. 15: Doubly segmented axial SRM [27]

Researchers at University of Oxford developed a two-phase, axial flux, high
speed SRM with modular stator and twin segmented rotor [28]. The stator mod-
ules are of wedge-shape, and each one has wound round a concentrated coil. The
segmental rotor is given in Fig. 16. All its iron core segments are made of SMC.
As the machine can achieve high speed, it can be applied in hybrid electrical sport
car traction application.

Nonmagnetic Iron core
speceholder segment

Fig. 16: The rotor of the high-speed axial flux doubly segmented SRM [28]
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More complicated, having a lot of extra iron core, but probably more robust, is
the SRM variant proposed by W. Ding in [29]. This axial flux doubly segmented
SRM is a further development of that presented in [30], which had simpler E-
shaped stator iron core modules. The SRM given in Fig. 17 has 6 E-shaped stator
segments, each with 2 concentrated coils wound on its yoke. The rotor is also
segmented in a similar way as the stator, as the poles cross section concerns (the
middle pole has double cross section area as those at the ends). In the paper, the
proposed SRM was compared with a classical construction SRM and with a sim-
ilar axial flux segmented stator variant but having non-segmented rotor. All of
them had the same external diameter and axial length. The variant in discussion
had the lowest iron mass, the highest torque, and the greatest power and torque
density [29]. Therefore, it can be a very good competitor for the electrical ma-
chines used in automotive applications.

Stator . Rotor
modules Coils  module

module

Shaft

Fig. 17: The axial flux doubly segmented SRM [29]

This machine, as also that proposed in [30], can be extended on the axial direction
by adding more poles or modules to fit the SRM to any power requirement.

D. Multilayer SRMs

Upon another approach, first proposed by E.S. Afjei et al., the segmenta-
tion of the SRM can be performed on the axial direction [31]. The sug-
gested multilayer SRM has three magnetically independent modules
(phases, or so-called layers), each of them being similar to a classical
SRM. A specific feature is that the machine has identical number of poles
(eight) on both armatures. All the coils on a module are connected together
and form a phase of the machine. The rotor modules are shifted by 15°
relatively to the neighbored modules (as it can be seen in Fig. 18).
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Layer 1 Layer 2 Layer 3

Fig. 18: The iron cores of the three-layer SRM

The torque ripple of the machine is significantly reduced due the same effect as
in the case of skewed rotor EMs [32]. Supplementary, due to the achieved phase
independency, in its control larger phase advancements can be imposed, which
are enabling a faster phase current rise up, an important issue in high-speed auto-
motive applications.

Upon this approach, A. Salimi et al. developed a four-layer SRM [33]. Its stators
are placed in line, while the rotor ones are shifted by 11.25° as it can be observed
in Fig. 19.

Fig. 19: The rotor of the four layers SRM [33]

In [34] a similar 3-phase, 7-layer SRM is proposed. Each 6-poles stator layers are
also placed un-shifted, while the seven 4-poles rotor layers are shifted by 12.7°.
Due to the great number of modules of this construction, at the same time three
layers are active (having supplied coils).
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E. Hybrid modular SRMs

In the literature, there are several proposals to improve the performances of SRMs
by inserting PMs, mainly in their stators. The hybrid SRMs having stator modules
containing both coil and PM are combining the advantages of the PM excitation
and the simplicity of the VRMs construction.

One of the simplest ways to perform this was by replacing the non-magnetic spac-
ers from the modular SRM given in Fig. S with ceramic PMs, as shown in Fig. 20.

iron core

permanent magnets

Fig. 20: The placement and magnetization of PMs [35]

As it can be seen in the figure, the PMs are magnetized alternatively, the magnet-
ization direction being perpendicular to their face in contact with the poles of the
stator segment. In [35] it was concluded, that the obtained mean torque of this
SRM is greater by near 27% as in the case of the modular SRM considered as
starting point (see Fig. 4). Unfortunately, also the torque ripples intensified with
near 25% [35].

The stator segments in the hybrid SRM developed by P. Andrada et al. are con-
taining two series connected concentrated coils wound round the poles and a PM
between the pole legs, as it can be seen in Fig. 21 [36]. The rotor of this SRM is
a usual passive one.

Fig. 21: The modular stator hybrid SRM [36]
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The working principle can be understood from Fig. 22. When rotor poles are to-
tally aligned with the poles of a stator module (as in the case of module A in
Fig. 16), the magnetic flux generated by the PM is passing thru both the iron core
and the rotor. When the rotor poles are in an un-aligned position, only a very
small amount of the PM flux can pass thru the rotor due to the great magnetic
reluctance. The magnetic flux generated by the coils can control the distribution
of the PM flux in a way to put in movement the SRM.

C Q

)]

L

Fig. 22: Flux distribution in a modular stator hybrid SRM

Similar hybrid SRMs were also proposed by Ding et al. [37], [38].

Hybrid SRMs, beside their increased fault tolerance, have higher efficiency due
to its PMs, and can be rated at higher power than conventional SRMs of the same
size. Despite the PMs in their structure, such electrical machines lack cogging
torque due to the placement of the PMs. All these make them attractive also for
automotive applications [36].

4.3. Modular synchronous reluctance machines.

The synchronous reluctance machine (SyncRel) seem to be the most accepted
VRM both by the manufacturers and users. Several companies (as ABB and Sie-
mens) are series manufacturing such machines in a wide range of power. Their
popularity is due to their numerous advantages, mostly common to all the VRMs,
as cheap construction, high efficiency, good dynamics, low maintenance costs,
etc. Therefore, several of their developments are targeting the automotive appli-
cations, too [39].

The stator of the SyncRel is identical with that of any usual three-phase a.c. ma-
chines. Therefore, the stator segmentation approaches used in the case of the PM
synchronous machines (PMSMs) can be also applied for them.

A typical stator modularization of a three-phase a.c. machine (concretely pro-
posed for a PMSM) is given in Fig. 23 [40].
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Fig. 23: Stator modules with concentrated windings of an a.c. machine [40]

The stator iron core is designed in a way as to minimize the scrap of laminated
steel material, and to obtain large tooth width and small tooth tips. Three teeth
with the concentrated coils around them comprise a module. By using six such
modules a three phase 18-slot stator can be assembled. This segmented stator
construction has diverse advantages, as that the concentrated windings are rigidly
packed with a high slot fill factor. Supplementary, these a.c. windings have short
end-coils, which makes them superior to the common distributed windings [40].

SyncRel stators can be also made of salient pole segments of one pole pitch
length, having around non-overlapping fractional slot windings with significant
fill factor and short end windings, as it is shown in Fig. 24 [41]. This design con-
tributes to an increased power density and efficiency, strongly compulsory in all
the automotive applications.

e@

Fig. 24: Modular stator SyncRel [41]

The salient poles of the SyncRel, shown in Fig. 25, can be also made of SMC
[42]
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Fig. 25: Stator module made of SMC [42]

Since on each module a simple concentrated winding can be placed, its manufac-
turing is quite simple. This modular construction approach permits a high flexi-
bility in phase number and control strategy selection, too. Due to the flexible
SMC technology, special pole shoe and yoke shape designs can be applied. Also,
a very good air-gap space usage can be achieved, which can lead to a high torque
density, a basic requirement in automotive applications.

In the most widely spread variants of the SyncRels the laminations made rotor is
passive and have a strong distributed anisotropy due to flux barriers and bridges,
which must have optimized shapes for achieving high performances [4]. Even if
their rotor is the most sensitive part from mechanical point of view, there are
some developments considering the modular approach for them. As S. Taghavi
and P. Pillay proposed in [43], the SyncRel rotor is comprising of single-pole
laminations particularly bonded together as to have an adequate mechanical
strength. The segments of the machine are asymmetrically designed, since the
two sideway arms of the module do not have the same thickness (as it can be seen
in Fig. 26). As a consequence of the overlapping neighbored layers, this design
allows a strong lamination bonding.

Fig. 26: Segmented rotor SyncRel [43]
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4.4. Other modular variable reluctance machines

Several other VRMs must or can be built upon the modular construction ap-
proach. Next some such machines are taken into survey.

A. Transverse flux electrical machines

The basic features of the transverse flux machines (TFMs) are radically differing
from those of usual electrical machines, due to the transverse direction of their flux
paths and the homopolar magnetomotive force (mmf) generated by their ring-type
coils. One of the major advantages of these machines is the high torque density.
Supplementary, despite of their complicated construction and low power factor, the
number of poles can be increased and meanwhile the synchronous speed dimin-
ished without reducing the mmf per pole [44]. All these features make the TFM a
promising candidate for automotive (especially in-wheel) applications.

Fundamentally, these machines due to their complex three-dimensional magnetic
flux path, can be constructed only upon the modular approach [45]. Usually their
iron core segments are made of SMCs and are embedded in light non-magnetic
materials, as glass or carbon fibre reinforced plastics, consequently reducing the
overall mass of the machine and improving its dynamics [46].

The simplest TFMs, without any PMs, are of reluctance type, having less power
density as those with PMs [47]. A typical such variant is given in Fig. 27a. The
machine has U-shaped stator iron core segments, with the two poles of each mod-
ule in the same plane. In the figure the ring-type armature winding, the segmented
passive rotor, and the zoom of two pole pitch length segments can be easily ob-
served, too.

Rotor poles Two pole pitch [ Double sided
segment £

Two pole pitch
segment

a) reluctance type TFM b) flux concentrating PM TFM

Fig. 27: Two modular TFM variants [48]
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An example of the more typical, flux concentrating PM TFMs is shown in
Fig. 27b. A phase of an armature winding is comprising of two ring-shape coils
per phase. The armature flux direction has to be in accordance with the PM mag-
netic flux sense. Therefore, the two coils of the same phase are connected in series
in a way as to have their magnetic fluxes added.

In both cases, for a three-phase TFM three correctly shifted units must be attached
to a common shatft.

B. Modular doubly salient variable reluctance machines

The double salient PM machines (DSPMMs) have salient poles on their both ar-
matures. On their stator, beside the windings, also PMs are placed to improve
their performances. Their rotors are usually passive, like those of the SRMs.
DSPMM combine the advantages of the everlastingly available PM excitation
and the simplicity of the VRM structures.

One of its most typical variants is the flux switching machine (FSM) shown in
Fig. 28. The stator of the machine comprises of U-shaped iron core modules sep-
arated by alternatively magnetized PMs. The concentrated coils are placed around
one leg of two adjacent modules and the PM placed between them [49].

U-shape module

Permanent
magnet

Armature coil

Fig. 28: Flux switching machine [49]

The FSM owns the advantages of the robustness and of having both mmf sources,
the windings and the PMs, on its stator. Due to its very good magnetic flux con-
centration capability, the FSM can achieve high torque density. In addition, it has
a passive, robust and easy to cool rotor [4].
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Inappropriately, the high flux concentration and power density of the FSMs is
supplemented by high iron core losses. These can be diminished without signifi-
cant output torque decrease by segmenting also its rotor, as it was proposed by
A. Thomas et al. in [50] As it is shown in Fig. 29, the rotor modules are lamination
stacks separated by flux barriers, made of non-magnetic material.

Phase A
Phase B

- C-core stator
iron core module
Permanent

magnet

Rotor iron core
segment

Fig. 29: Segmented rotor FSM [50]

The effect of the segmented rotor on the magnetic field distribution in FSM can
be clearly seen in Fig. 30. If the rotor is segmented, the flux lines passing it are a
little bit shorter than in the case of unsegmented rotor. As a consequence, better
flux concentration and less iron core losses are achieved. Meanwhile, also the
volume of the iron core is diminished.

a) conventional rotor b) segmented rotor

Fig. 30: Magnetic flux distribution in FSMs [50]

The FSMs can be also designed with an increased number of phases for better
fault tolerance. These can be a promising candidate in safety-critical applications,
as also the automotive ones [51].
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In a similar way also other DSPMMs, as the flux reversal (FR) PM machines can
be built up with segmented stators [52].

4.5. Advancements in electrical machines brought by the modular approach

The developments of the modular construction of the electrical machines resulted in
several enhancements in the field. Advancements had been achieved in the design,
manufacturing, maintenance, efficiency and fault tolerance increase, etc. [6].

A. Design related advances

The modular approach permits an increased flexibility for the electrical machine
designers. For example, more complex and efficient, even three-dimensional,
magnetic flux paths can be applied. Consequently, the designers can easier shape
the machines under development for any specific requirement imposed by the
automotive applications.

The segmented iron core electrical machines, due to their optimized design, have
iron core only where the magnetic flux must be directed. Therefore, significant
iron core savings can be achieved, and as a result the machines will have less iron
core losses.

iron core Modular

Concentrated drive unit
coil

Fig. 31: The integrated modular motor drive (IMMD) concept [53]

The segmentally constructed electrical machines can be easily combined with sim-
ilarly modular drive circuits. Upon the idea of N.R. Brown et al., within the so-
called integrated modular motor drive (IMMD) concept (given in Fig. 31), the
modules of the electrical machine and of the power converter can be integrated
together into a single unit to increase the compactness and easy reparability of the
machine-converter assembly [53].
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B. Advantages Connected to Manufacturing and Maintenance.

The segmented iron cores can be manufactured of bonded, ready to wound lami-
nation stacks. This technology has various advantages, as high dimensional pre-
cision, great mechanical stiffness (which is permitting easy handling and further
machining if required), very good electrical insulation between the laminations
without any short cuts, no cushioning, less liquid absorption, etc. [54]. Supple-
mentary, the stamping tools required by the manufacturing process are smaller
and simpler, and accordingly they are much inexpensive.

By the iron core modularization, the magnetic material consumption is intensely
decreased. The stator or rotor laminations are not stamped as one piece but di-
vided into smaller segments. These modules can be stamped optimally from the
raw material strip to reduce material losses (scraps), as in the example shown in
Fig. 32 [55].

Fig. 32: The placement of iron core modules on the raw material strip [55]

Upon the modular iron core construction approach, the innovative bonding var-
nish technology can be applied for the efficient interconnection of the lamina-
tions. In contrast with the traditional technology of interlocking, this permits an
easy to automate manufacturing of mechanically stiff iron core parts, made of
evenly insulated sheets, as the poles of the electrical machines. Iron core seg-
ments produced by means of this technology can be seen in Fig. 33 [56].

Fig. 33: Tron core modules manufactured via the bonding varnish technology [56]
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As the iron core laminations of the stator and rotor can be manufactured sepa-
rately, this technology also enables the fabrication of iron core stacks of the two
armatures from different raw materials, if different properties, as mechanical
strength, magnetizability, permeability, etc. are required for them [57].

The iron core modules can be also made of SMCs, which are ferromagnetic pow-
der particles embedded in an insulating film coating [58]. Such modules can be
formed of any three-dimensional shape and have very low eddy current losses
[42], [58]. The net shape fabrication approach (for example the uniaxial pressing)
can also lead to very low tolerances, and the material waste during manufacture
is minimal. Due to the use of precisely fabricated iron core pieces, the air-gap
length can be optimized, resulting in high torque density.

Iron cores made of SMC materials are very suitable mainly for the electrical ma-
chines working at high speeds [59]. As a wide range of SMCs are available on
the market, the designers can select the most appropriate material for the given
application, which can provide magnetic performances comparable to, or even
surpassing that of the classical laminated sheets.

The segmentation of the iron cores is frequently in conjunction with the use of
concentrated (non-overlapping) windings. The main reason is that they have
shorter end winding as that of the distributed windings (see Fig. 34), thus ena-
bling increased active length for the machine, in the case of automotive applica-
tions where often axial size limitations are imposed, as it can be This way they
are contributing to an increase of the power density of the electrical machine. It
must be also mentioned, that concentrated windings also facilitate higher winding
and filling factor [60].

a) distributed winding b) concentrated winding

Fig. 34: Distributed vs. concentrated windings [60]

Another advantage of the non-overlapping windings is their straightforward man-
ufacturing, which facilitates cheap high-series production. This advantage is mul-
tiplied by the simple winding of independent modules, as compared with that of
non-segmented iron cores, due to the greater place having at disposal of the wind-
ing nozzle during winding, as it is shown in Fig. 35 [61].
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Winding
nozzle

Fig. 35: Concentrated coils winding for different iron cores [61]

Fig. 36: Simple replacement of a faulted segment in a modular SRM [14]

The piece by piece assembly of the modular electrical machines also implies an
easier maintenance. The short-circuited or opened coils can be more straightfor-
wardly detected and replaced together with the iron core module round which are
wound, as it can be seen in Fig. 36. In some cases, this can be performed without
demounting the machine from the floor or pedestal [13].

The modular construction also facilitates a straightforward decommissioning and
recycling due to the rapid and easy disassembly of the modular parts.

C. Increased efficiency and lifetime.

As it was stated already, the iron cores segments of the modular electrical ma-
chines are designed in a way to have iron core only just where it is needed for
optimally guiding the magnetic flux. This leads to an iron core mass and volume
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reduction, which is beneficial for the power density increase. Supplementary, the
optimized flux paths are much shorter than those in the classical variants of the
electrical machines, resulting in diminished iron core losses.

Due to their shorter end windings, the concentrated windings contain less copper,
and thus they have also less Joule losses. In addition, these windings are not so
strongly surrounded by the iron core as the distributed ones, enabling this way an
easier cooling. All these together contribute to the increase of efficiency. In ad-
dition, less heat is generated due to the smaller amount of losses, and the better
cooling of the machine leads to an increased lifetime. These both are basic re-
quirements in automotive applications.

D. Improved fault tolerance

One of the main advantages of the modular approach in the field of electrical
machines is the opportunity to increase their fault tolerance, a decisive issue in
safety and operationally critical applications, as those in automotive [62].

In most of the cases, one phase of the electrical machine comprises of one or more
independent modules. Consequently, the operation of a phase has an insignificant
influence on the other ones. If it is faulted, the other ones can continue to work in
an unaltered way. The phase separation can be beneficially extended also to the
power converter of the electrical machine [63], [64].

The iron core segmentation also makes easier the phase number increase of the
electrical machines. As they have more phases, a fault of a single phase has less
influence on the proper working of the machine. The phase separation can be best
observed in the case of the modular SRMs. Their phases are inherently well-in-
sulated, mainly because of the very small magnetic coupling between the stator
coils [65]. By the SRM iron core segmentation the phase separation gets better
[14].

E. Drawbacks of segmentation.

Unfortunately, the electrical machine segmentation has also some weaknesses.
These mainly are due to rigidity issues resulted from replacing a single, stiff body
by a structure made of more pieces. In many cases non-magnetic extra parts are
needed to link the separate modules. This can cause extra technological problems
and costs.

Because of the great electromagnetic forces acting on the less rigid iron core seg-
ments, a bending of the teeth or poles takes place (see Fig. 37).
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Bending

Fig. 37: Bending of the teeth in the case of a modular stator

The unsuppressed axial and radial forces can result in vibrations and noises, to-
tally annoying phenomena in all the automotive many applications.

4.6.
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Double-Stator Switched
Reluctance Motors

Hossein Torkaman and Majid Asgar

5.1. Introduction

The advances in power electronic devices, simulation software and manufactu-
ring technology allow possibility of introducing SRMs as an attractive candidate
for a wide range of industrial applications such as automotive and domestic ap-
pliances [1-3]. The main advantages of SRMs are simple structure, high effi-
ciency, low maintenance cost, fault tolerance, high reliability, high torque-inertia
and low price-performance ratios [4-6]. The structure of SRM has enough flexi-
bility to produce distinctive characteristics for many required applications and
intentions. Operating in saturation condition leads to have complex relationship
and control in this machine. This reduces the total performance of the SRM and
its drive in comparison with commonly used induction and permanent magnet
machines [7]. Generally speaking, in SRM, the specific application determines
the motor geometry, the power converter topology and the applied control method
[8]. Hence, an enhancement in power density provides the opportunity to employ
this machine in high-performance applications [9].

In an SRM (Fig. 1), rotation of the rotor is due to the resultant radial and tangen-
tial force vectors (Fr and F7r), respectively. The structure of a rotary SRM dictates
produced propulsion force on the rotating part by the interaction between stator
and its corresponding coaxial rotor poles. The nonsymmetrical distribution of the
mentioned forces lead to torque ripple production that can disturb positioning ac-
curacy and thus causing vibrations. In this regard, monotonous distribution of
forces could avoid additional ripple.

However, there are many different methods to decrease the motor ripple and in-
crease the power and torque densities of SRM. These methods are categorized in
improved control methods and optimum design of motor topology. In this re-
gards, DSSRMs benefit from high torque density as well as low radial force level
in comparison with the conventional SRMs [10, 11].
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