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In the last years, the switched reluctance machines (SRMs) have been the subject of 
significant developments. SRMs are gaining much interest because of their simplicity 

in structures, high-output power, high starting torque, wide speed range, rugged 
and robust construction, reliability, and low manufacturing costs, which make these 

machines viable for many applications. SRMs include machines of different structures 
whose common property is the significant variation in the shape of the air gap during 
rotation. The use of advanced control technologies makes possible the integration of 
the mechanical and electrical conversion systems in their optimal mode of operation. 

Different strategies of control can be applied to SRMs, depending on their mode of 
functioning and the purpose of their applications. The goal of this book is to present 
recent works on concept, control, and applications in switched reluctance machines.

ISBN 978-953-51-3267-7

Sw
itched Reluctance M

otor - C
oncept, C

ontrol and A
pplications





SWITCHED RELUCTANCE
MOTOR - CONCEPT,

CONTROL AND
APPLICATIONS

Edited by Ahmed Tahour
and Abdel Ghani Aissaoui



Switched Reluctance Motor - Concept, Control and Applications
http://dx.doi.org/10.5772/66849
Edited by Ahmed Tahour and Abdel Ghani Aissaoui

Contributors

Christopher H. T. Lee, Ebrahim Amiri, Mohammad Mahdi Bouiabady, Aliakbar Damaki Aliabad, Sandeep Narla, Erdal 
Sehirli, Meral Altınay, Mircea Ruba, Petre Dorel Teodosescu, Srinivas Pratapgiri

© The Editor(s) and the Author(s) 2017
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Switched Reluctance Motor - Concept, Control and Applications
Edited by Ahmed Tahour and Abdel Ghani Aissaoui

p. cm.

Print ISBN 978-953-51-3267-7

Online ISBN 978-953-51-3268-4

eBook (PDF) ISBN 978-953-51-4784-8



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

118M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editors

Ahmed Tahour was born in 1972 in Ouled Mimoun, 
Tlemcen, Algeria. He received his BS degree in electrical 
engineering in 1996, the MS degree in 1999 and the PhD 
in 2007 from the Electrical Engineering Institute of the 
University of Sidi Bel Abbes (Algeria). He is currently a 
full Professor of electrical engineering at University of 
Mascara (Algeria). His current research interest includes 

power electronics, control of electrical machines and renewable energies.

Abdel Ghani Aissaoui is a full Professor of electrical 
engineering at the University of Bechar (Algeria). He 
was born in 1969 in Naama, Algeria. He received his 
BS degree in 1993, the MS degree in 1997 and the PhD 
degree in 2007 from the Electrical Engineering Institute 
of Djilali Liabes University of Sidi Bel Abbes (Algeria). 
He is an active member of IRECOM (Interaction Réseaux 

Electriques – COnvertisseurs Machines) Laboratory and IEEE senior mem-
ber. He is an editor member and a reviewer in many international journals. 
He serves as a member in technical committee (TPC) and as a reviewer in 
international conferences (CHUSER 2011, SHUSER 2012, PECON 2012, 
SAI 2013, SCSE 2013, SDM 2014, SEB 2014, PEMC 2014, PEAM 2014, SEB 
[2014, 2015], ICRERA 2015, etc.). His current research interest includes 
power electronics, control of electrical machines, artificial intelligence and 
renewable energies.





Contents

Preface XI

Chapter 1 Switched Reluctance Motor Topologies: A
Comprehensive Review   1
Mohammad Mahdi Bouiabady, Aliakbar Damaki Aliabad and
Ebrahim Amiri

Chapter 2 Four‐Quadrant Control of Switched Reluctance Machine   25
Sandeep Narla

Chapter 3 Direct Instantaneous Torque Controlled Switched Reluctance
Motor Drive for Fan Type Load and Constant Torque Load   43
Srinivas Pratapgiri

Chapter 4 Design, Power Electronics and Torque Control of Switched
Reluctance Machines   59
Mircea Ruba and Petre Dorel Teodosescu

Chapter 5 Current‐Controlled SRM Fed by Three‐Phase Boost PFC   79
Erdal Şehirli and Meral Altınay

Chapter 6 Switched Reluctance Motor Drives for Hybrid Electric
Vehicles   97
Christopher H.T. Lee, James L. Kirtley, Jr. and M. Angle





Preface

During the last two decades, remarkable technological developments have been made in the
field of power electronics and computing. This resumed works on the switched reluctance
machines (SRMs). The new computer-aided conception techniques have made it possible to
describe different high performances of SRM structures. In addition, new high-performance
power switches and new converter topologies have enabled an improved power output of
the motor allowing a much more efficient operation of the machine. At the same time, works
were undertaken on both modeling and control.

Because of its electromagnetic structure, the switched reluctance (SR) motor develops a
strongly pulsating torque. The stator of the switched reluctance motor has a set of concen‐
trated excitation coils, and the rotor has no winding; the two components of the machine are
made of soft iron steel. The production of torque is made when two opposite poles are excit‐
ed. Moreover, due to its operation in saturation and its variable reluctance, the SR motor is a
system whose model is strongly nonlinear and uncertain.

The goal of this book is to present recent works on concept, control, and applications in
switched reluctance machine. The developments of this field go fast, accompanied with
many difficulties that required solutions. Different solutions are proposed based on new
techniques of control and advanced technology products in the field of switched reluctance
motors.

The book is intended for researchers in the field of design and control of electrical machines.
For anyone working in the development of reluctance motor drive systems, it is hoped that
it will serve as useful reference work.

This book is divided as follows:

• In the first chapter, authors present a comprehensive technology status review
highlighting advantages and drawbacks of each topology as well as recent trends
in switched reluctance machines in incorporating the permanent magnets (PMs)
in the motor design.

• In the second chapter, the control of the switches inside the converter manages
continuous operation from each phase of the SRM; the turn-on and turn-off an‐
gles of the operation dictate the mode of operation such as forward motoring, re‐
verse motoring, forward generating, and reverse generating.

• A complete analytic design, different electronic converters, and detailed control
strategies are presented in the third chapter. The results are validated via simula‐
tions and experimental measurements.



• The fourth chapter describes a comparative analysis of direct instantaneous tor‐
que control (DITC)-based drive with constant torque load and fan-type load.

• The fifth chapter deals with converter topologies for SRM. Different converter
topologies are introduced. Then, SRM is fed by nonlinear controlled three-phase
boost power factor correction (PFC) in order to provide energy efficiency. Con‐
verter that feeds SRM includes uncontrolled three-phase rectifier and DC-DC
boost converter. DC-DC boost converter is operated by high switching frequency
and is connected after three-phase rectifier.

• In the sixth chapter, authors present an overview of the switched reluctance mo‐
tor drives (SRMDs) for electric vehicle (EV) and hybrid electric vehicle (HEV) ap‐
plications. The quantitative comparisons among the SRMDs and their major
counterparts are made, while the current and upcoming technologies are also
covered. All the covered materials will serve as a blueprint and start-up manual
for the potential readers to develop their own interests in this particular area, i.e.,
to develop the new research directions of SRMDs for EV and HEV systems.

The chapters of this book present recent works in the concept, control, and applications in
switched reluctance machines. Contributions reveal the importance of the treated subject.
We aim by this book to give new trends of the researches in electrical machine areas and to
present the new challenges in the implementation of new construction of switched reluc‐
tance machine. We hope that the readers will find this book a unique and significant source
of knowledge and reference for the future years.

Prof. Dr. Ahmed Tahour
Electrical Department, Faculty of Technology

University of Mascara, Algeria

Prof. Dr. Abdel Ghani Aissaoui
Electrical Department, Faculty of Technology

University Tahri Mohamed of Bechar (UTMB), Algeria
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Switched Reluctance Motor Topologies: A

Comprehensive Review

Mohammad Mahdi Bouiabady,
Aliakbar Damaki Aliabad and Ebrahim Amiri

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69149

Abstract

Switched reluctance motor (SRM) is gainingmuch interest in industrial applications such as
wind energy systems and electric vehicles due to its simple and rugged construction, high-
speed operation ability, insensitivity to high temperature, and its features of fault tolerance.
With continued research, different topologies have emerged presenting less torque ripple,
high efficiency, high power factor, and high power density. However, there has always
been a trade-off between gaining some of the advantageous and losing some with each
new technology. In this chapter, various SRM topologies, design, principle of operation, and
respective phase switching schemes are extensively reviewed, and their advantages and
drawbacks are discussed. On the other hand, some of SRM limitations (such as excitation
penalty, control complexity, noise, and vibration) have prompted research into the incorpo-
ration of permanent magnets into the basic SRM structure, and therefore, the chapter also
includes discussion on a new class of SRMwith permanent magnet assist (PM-assist) called
doubly salient permanent magnet (DSPMM). The DSPM motor incorporates the merits of
both the PM brushless motor and the SRM.

Keywords: comprehensive review, switched reluctance motors, doubly salient perma-
nent magnet, E-core structure

1. Introduction

The original idea of switched reluctance motors (SRMs) dates back to 1814; however, these
motors were reinvented and came into practical use in recent decades in line with the devel-
opment of power electronic devices. Switched reluctance motors have salient poles in both the
rotor and the stator and act as a single-excited configuration with inactive (coil-free) rotors.
The stator has a centralized winding system with multiple phases. The coils are fed regularly

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



and sequentially from a DC power supply, and thus, they generate electromagnetic torque.
Because of their simplicity and structural strength, SRMs have been of great interest in the past
two decades, and they are expected to find broader applications in terms of price and quality
compared to other motors. In addition, many studies have been carried out to enhance the
performance of these motors as potential alternative to AC (asynchronous and synchronous)
motors. At present, switched reluctance motors are in their infancy in commercial terms, but it
is expected that they will be used more widely in the near future [1].

SRMs can be considered a stepping motor in type. However, important differences in their
configuration and methods used to control them have placed switched reluctance motors into
a separate category. The most important differences between SRMs and variable stepper
reluctance motors are as follows:

• SRMs have much bigger steps but much fewer poles than steppers.

• SRMs have a closed-loop control system while steppers have specific steps and operate
without the use of feedback and in an open loop.

Like other reluctance motors, SRMs usually have no magnets in the rotor and stator, and thus,
they enjoy a simple, cheap, and firm structure. However, a small amount of permanent magnetic
materials is used in some types of these motors to improve their torque. The number of the ratio
of stator poles to rotor poles used in SRMs is rather limited, the most common of which are 4:6
and 6:8, each with its own possible multipliers. It should be noted that each pair of coils facing
each other makes up a phase. Therefore, for 4:6 and 6:8 ratios, there will be three phases and four
phases on the stator, respectively. Figure 1 depicts a three-phase and four-phase SRM [2, 3].

In two-phase structures, the problem of nongeneration of the starting torque is solved by the
stepping or asymmetric nature of the aerial gap, but the problem of the high-torque ripple remains
unsolved. Generally, two-phase structures best suit high-speed applications and the structures for
which the drive and coil cost is an issue. The three-phase structure is one of the most widely used
structures, and the four-phase structure is used to reduce torque ripple [1, 2].

Depending on their applications, SRMs are produced within a wide range of structures.
Figure 2 presents a classification of these motors based on their movement patterns, flux path,
and type of excitation, each being examined in the following sections.

Figure 1. (a) A three-phase and (b) a four-phase SRM configuration.
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2. Structural and operational concept of switched reluctance motor

SRMs have a laminated rotor and stator with Ns ¼ 2 � m � q poles in the stator and Nr poles in
the rotor (m stands for the number of phases and q¼1, 2, 3,…). Each phase has a centralized coil
on the stator poles. The 6:4 three-phase and 8:6 four-phase structures are among the most
common SRM structures (with the first number representing the number of the stator poles and
the second number showing the number of the rotor poles), as shown in Figure 3(a) and (b).

These two configurations have a constant (q¼1), showing that two centralized coils are placed on
a pair of poles in each stator phase. Of course, q can be equal to 2 or 3 too, as in 8:12 or 12:18 three-
phase configurations which are used in both high-speed, high-torque motors and high-speed
generator systems. In addition, to avoid forming zero-torque areas, the same angles (βs ¼ βr) are
preferably chosen for the stator and rotor poles [4].

Because of the symmetry of the SRM magnetic circuit, the phase flux linkage is zero even under
saturation conditions. Therefore, if a motor phase is short-circuited, the motor is still able to
operate withm� 1 phases. In this case, due to the lack of mutual induction, no voltage or current
is generated in the short-circuited phase. As a result, SRMs are more resistant to faults than other
AC motors that operate based on the phase interaction. Besides, self-inductance plays a key role

Figure 2. SRM classification based on movement pattern, flux path, and type of excitation.

Switched Reluctance Motor Topologies: A Comprehensive Review
http://dx.doi.org/10.5772/intechopen.69149
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in producing torque in SRMs. In the absence of saturation, self-inductance for each phase
changes linearly based on the rotor position, while as the core is saturated, self-inductance
changes in a nonlinear fashion, as illustrated in Figure 4.

If flux λ is calculated in different rotor positions and is plotted in terms of the current, a class of
λ(θr,i) curves will be obtained as shown in Figure 5. The saturation effect is clearly evident in
this figure. Saturation can also be observed even in well-designed motors [4].

If theWmc(θr) co-energy is known, the moment torque of Te(i) phase can be calculated through
Eq. (1):

Te ið Þ ¼ ∂Wmc θrð Þ
∂θr

� �

i¼cons:
; Wmc ¼

ð0

i

λ θr, ið Þdi ð1Þ

To calculate Eq. (1), the class of λ(θr,i) curves needs to be calculated via Eq. (2) as follows:

Te ¼
Xm

i¼1

Te ið Þ ð2Þ

The moment torque can be measured through Eq. (3) in cases when there is no saturation:

Te ¼
Xm

i¼1

1
2
i2i
∂λi θrð Þ
∂θr

ð3Þ

Ideally, when the rotor poles are placed between the two poles of the stator, the phase is
excited in the same direction to create motoring function. This is shown in Figure 6 where the
voltage pulse is only applied for conduction angle θω ¼ θc þ θ.

Figure 3. 6:4 three-phase and 8:6 four-phase configurations.
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Figure 5. λ(θr,i) curves.

Figure 4. Phase inductance and operation modes in a 4:6 SRM.

Figure 6. Phase inductance, phase voltage, phase flux linkage and phase current.
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Excluding the ohmic voltage drop and taking the speed ωr as constant, the maximum phase
flux linkage (λmax) is calculated as follows:

λmax ¼
ðt

0

Vddt ¼ Vd
θω

ωr
ð4Þ

The maximum θω for θ¼ 0 (the zero-pre-phase angle) is determined based on the design using
Eq. (5):

θω max ¼ θm ¼ π
Nr

ð5Þ

The base speed corresponds with θω max conditions, single pulse voltage applied with ampli-
tude Vd, and the maximum phase flux linkage. Therefore, it can be suggested that the base
speed is dependent on the motor design and the saturation level. As the speed outpaces the
base speed, the motor magnetic circuit is saturated.

For speeds higher than the base speed (ωr > ωb) θω should decrease slightly, and subsequently,
the maximum phase flux linkage (λmax) should be reduced to a certain amount, a phenomenon
known as flux attenuation. In addition, in speeds above the nominal speed, in order to achieve
the maximum phase flux linkage (λmax) at a smaller θc angle and the maximum phase flux
linkage (λmax) at a smaller θc angle, and ultimately to generate more torque, the phase firing
angle (θon) should be leading compared to normal conditions. Therefore, the envelope of the
torque-speed curve increases accordingly. On the other hand, the phase deactivating process
starts at θc≤ θm and ends in the generating zone at θoff. A decrease in θoff –θm angle will reduce
the share of negative torque in the deactivating process. In practice, if at θr ¼ θm the current
value is less than 25–30%, the effect of negative torque will be insignificant [4].

When a phase is cut at an angle θc, the other phase turns on and thus the total rate of the
torque caused by the interruption of the current in the previous phase is reduced through
generating a positive torque.

It is now clear that the magnetic energy of each phase at the conduction time first increases and
then decreases. This phenomenon is repeated in each mechanical round for m � Nr times. At
each stage, a part of the magnetic energy is wasted by electronic power converters, and the rest is
returned to the DC link and the capacitor of the converter filter. Below the base speed ωb, current
is controlled and restricted by pulse with modulation (PWM) converter as shown in Figure 7.

It should be reminded that the conduction time lasts near the angle θm, at which the induc-
tance phase angle is maximum. As it was mentioned earlier, the firing phase angle at high
speeds is θon and the turn off angle is θc leading.

2.1. The average torque and the energy conversion rate

Magnetic energy conversion levels in both cases of the single voltage pulse (Figure 6) and the
PWM current and voltage (Figure 7) are shown on λ(θr,i) curves in Figure 8(a) and (b),
respectively [4].

Switched Reluctance Motor - Concept, Control and Applications6
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In addition, the converter configuration for feeding a motor phase is shown in Figure 8(c). The
average torque (Tave) is proportional to the shaded areas (Wmec) in Figure 9(a) and (b). Thus,
the m-phase SRM average torque and the number of Nr rotor poles at a constant speed can be
calculated through Eq. (6):

Figure 7. Current and voltage control in a phase below the base speed using PWM converter.

Figure 8. Energy exchange in each phase: (a) at high speeds (single pulse voltage); (b) at low speeds (PWM current and
voltage); (c) the converter single-phase feeding configuration to generate a unidirectional current in each phase.

Switched Reluctance Motor Topologies: A Comprehensive Review
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Tave ¼ WmecmNr

θc � θon
ð6Þ

It should be noted only one phase of SRM conducts at each moment.

2.2. SRM generator function

SRM generator function is slightly more complicated. General principles and strategies for
SRM generating mode are described in Ref. [5]. The motor and converters used in this method
are shown in Figure 9.

To evaluate the generating mode, it is assumed that the generator rotor is rotated anticlockwise
by an external torque. In this situation, consider a time when poles 1,10 are facing poles A1, A3

and poles 3,30 are facing poles A2, A4 and the switches S1, S2 are closed. In this case, the
inductance is at the maximum level and a magnetic flux is generated by the battery in the core.
When this happens, the external mechanical torque rotates the rotor and pulls the poles apart,
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tends to maintain the minimum reluctance, and thus, a torque is generated in the opposite
direction of the mechanical torque; thus, the mechanical energy is stored as the magnetic
energy in the stator winding. When the rotor reaches a certain angle, switches S1, S2 are opened
and the current flows through freewheeling diodes into the battery and is stored there [5–7].
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the cumulative effects of phases torque can be used to calculate the motor torque. An SRM has
two saliences in its structure, so we have to use the motor equations in the stator phase
frame [4]. The voltage equation is expressed as follows:

Va,b, c,d ¼ rsia,b, c, d þ dλa,b, c,d θr, ia, b, c, dð Þ
dt

ð7Þ

where λa,b, c,d θr, ia, b, c, dð Þ curves are obtained using curves for a phase periodically with the π/Ns

alternation. These curves can be obtained through calculation or experiments. For this purpose,
finite element method or analytical techniques can be used. In addition, considering the effects of
magnetic saturation and air gap flux distribution is required in all of these techniques. The
motion equation is stated as follows:

J
dωr

dt
¼ Te � Tload;

dθr

dt
¼ ωr ð8Þ

where

Te ¼
X

a, b, c, d
Tea,b, c,d ;

∂
∂θr

ðia, b, c,d

0

λa,b, c, d θr, ia, b, c,dð Þdia,b, c, d ð9Þ

If the subscript i use to refer to the active phase, then Eq. (7) can be rewritten as follows:

Vi ¼ rsii þ ∂λi

∂ii

dii
dt

þ ∂λi

∂θr

dθr

dt
ð10Þ

The ∂λi
∂i term shows the transient inductance (Lt). Thus, we have:

Lt θr, iið Þ ¼ ∂λi θr, iið Þ
∂ii

ð11Þ

The last term in Eq. (10) shows the motoring induction voltage (E):

Ei ¼ ∂λi

∂θr
ωr ð12Þ

Accordingly, Eq. (10) is rewritten as follows:

Vi ¼ rsii þ Lt θr, iið Þ dii
dt

þ Ei ωr,θr, iið Þ ð13Þ

Based on this equation, an equivalent circuit with time-dependent parameters can be intro-
duced for SRMs as shown in Figure 10.
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Assuming that the core loss is only due to the main flux component, the core loss can be
modeled by variable resistors parallel with the Ei. This motor does not operate based on a
rotating field and the core loss occurs in both the rotor and the stator [4].

Taking into account, the energy loss especially at high speeds is required not only to calculate
the efficiency but also to evaluate and calculate the transient current response. The operating
time of SRMs is generally very high in saturation conditions. In addition, E(ωr, θr, Ii) in Eq. (12)
is a pseudo emf that contains the terms related to the stored energy. So in this case, the torque
should be calculated only through the co-energy equation.

4. SRM categories

As shown in Figure 3, SRMs can be categorized into different groups based on their movement
patterns and flux paths. This section presents a categorization of SRMs.

4.1. Linear-switched reluctance motors

Linear-switched reluctance motors (LSRMs) are similar to conventional SRMs in their structure
except that their rotor and stator are cut open taking a linear form (Figure 11). One of the
applications of these motors is in electric trains and subways.

Figure 10. SRM equivalent circuit based on the core loss.

Figure 11. LSRM structure.
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4.2. Axial-flux switched reluctance motors

In these motors, the flux path is aligned with the motor axis, and they are used for cases where
the motor length is of high importance and the motors with a small length and high torque are
preferred for applications such as air conditioning fans and electric vehicles. Figure 12 displays
the configuration of an axial-flux switched reluctance motor.

4.3. Radial-flux switched reluctance motors

Radial-flux switched reluctance motors are the most common structure among SRM struc-
tures, and they are divided into two categories:

• Conventional switched reluctance motors: in this structure, the facing poles are connected
in series to form a phase.

• Short-path switched reluctance motors: in this structure, the adjacent poles are connected
in series to form a phase.

The conventional SRMs are introduced in the first section of this chapter. Other configurations
are discussed in the following sections.

4.3.1. Short-flux path SRM

In the short-flux path SRM, the returned flux does not pass through the entire stator yoke, and
thus, flux path is shortened, reducing the core loss. Figure 13 shows a short-flux path SRM.
The most common problems with this configuration are the high mutual inductance and the
imposition of asymmetric magnetic fractions.

Another type of motors with a short-flux path is the common pole E-core SRM as shown in
Figure 14. As it can be seen in this figure, this motor has three poles on the stator in which the
middle pole lacks winding. In fact, this structure has two phases on the stator, and the middle
pole is the shared pole between the two phases and its task is to create a path for the passage
of flux. In addition, the shared pole does not play a role in reluctance changing due to its
width [8, 9].

Figure 12. Axial-flux SRM structure.
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Figure 15 displays the functioning and flux path in a common pole E-core SRM. As it is shown,
this structure has a short-flux path. To make this type of structure enable to generate torque, at
least an E-core must be used in the stator so that it can rotate the rotor. However, two E-cores

Figure 14. A common pole E-core SRM configuration.

Figure 13. A short-flux path MRS configuration.
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are usually used in the stator because when a single E-core is used it applies an asymmetric
axial force to the rotor axis and the motor does not function properly. Therefore, a two E-core
stator is employed, as shown in Figure 15. Increasing the number of E-shaped parts in the
stator increases the torque and power produced by the motor [10–12].

However, a stator with separate parts is not commonly used in common pole E-core SRMs as
putting together these parts and preventing their vibration and displacement are a difficult
task. Besides, any structural changes may lead to asymmetrical operation. Therefore, the stator
of these motors is usually constructed based on integrated 4-E-core motors. Figure 16 shows a
4-E-core SRM:

4.4. PM-assisted SRM

Because of their own advantages, SRMs have attracted the attention of many industries in
recent years. However, these motors suffer from some drawbacks and common problems such
as low power and torque density, the complexity of control methods, acoustic noises, and
losses related to current excitation. For this reason, some efforts have been made in recent
years to use permanent magnetic materials in SRMs. This has led to the emergence of a new
configuration called doubly salient permanent magnet motor (DSPMM), which shares the
same configuration and functionality of conventional switched reluctance motors and at the
same time contains permanent magnet materials in the stator. In many studies, DSPMMs have
been considered as a subset of permanent magnet motors. However, as they share the same
configuration in the rotor and stator and functionality with SRMs, they have been studied
under the category of permanent magnet (PM)-assisted SRMs. This section will examine some
of the PM-assisted SRMs, their operating principles, and some of their advantages and disad-
vantages listed in the literature [2, 13, 14].

Figure 15. Flux path in a common pole E-core SRM when energizing (a) phase 1; (b) phase 2.
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Some of the most important configurations that have been introduced in the literature are as
follows:

• Unidirectional flux PM-assisted motors

• Flux-switching motors

• Flux reversal motors

• Hybrid-excited motors

4.4.1. Unidirectional flux PM-assisted motors

This is a common configuration among doubly salient permanent magnet motors (DSPMMs).
Even though the rotor and stator are salient poles, the magnetic torque overcomes the reluc-
tance torque, and thus, the generated cogging torque is not considerable. Since with the
rotation of the rotor, the linkage flux in each of the coils changes only in one direction, the
biggest problem with these motors is the low-torque density caused by the unidirectional flux
linkage in each of the coils. Figure 17 shows two versions of this type of motor [15].

The only advantage of the configuration shown in part (b) compared to the configuration in
part (a) is that the former contains more magnetic materials and thus its flux density will be
greater. The configuration shown in part (b) is called the yoke linear magnet, and the configu-
ration in part (a) is called the yoke curved magnet [15].

4.4.2. Flux-switching motors

In this configuration, each stator tooth is made of a magnet and two adjacent layers of magnetic
core. As shown in Figure 18, the stator structure consists of separate U-shaped parts which are

Figure 16. A common pole E-core SRM configuration.
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sandwiched by two adjacent magnets. Figure 18 shows a constituent cell of this type of motors.
A complete motor is formed by putting together a given number of these cells [15, 16].

As shown in Figure 19(a), the flux generated by the magnet is aligned with the flux produced
by the coils, and thus, they reinforce each other and, consequently, a great torque is generated.
As the rotor rotates to the right, the rotor teeth are moved and the motor is in position (b). In
this position, with switching the direction of current in the coil, the fluxes generated by the
magnet and the coil are aligned again and they reinforce each other. Therefore, as the direction
of the current is switched alternately in the coils, a stable torque will be produced for rotation
of the rotor. Figure 20 displays several other configurations for flux-switching motors [15–18].

4.4.3. Flux reversal motors

These motors have a structure that is similar to SRMs with the difference that there is a magnet
with different polarity on each pole. Besides, the flux within each coil can be bi-directional in
these motors. Since the linkage flux is steadily reversed as the rotor rotates, these motors are
called flux reversal permanent magnet motors. In this structure, each stator tooth has a dipole

Figure 17. Two unidirectional flux PM-assisted motors.

Figure 18. A flux-switching motor.
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magnet which is placed on the tooth surface. These motors generate a greater torque because
of bi-directional linkage flux of each coil. However, it should be noted that as permanent
magnets are placed on the surface of tooth, they are more vulnerable to mechanical damages
and may lose their magnetic properties. In addition, there are a significant amount of eddy
current losses in the permanent magnet materials. Figure 21 shows an example of this struc-
ture [13]. To explain the principle of operation, a simple single-phase structure of such a motor
is illustrated in Figure 22.

Figure 19. Operational principle of a flux-switching motor.

Figure 20. Additional configurations for flux-switching motors. (a) Basic concept (b) Practical one-phase concept (c) Three
phase concept (d) Multi-tooth three phase concept.
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Figure 21. A flux reversal motor.

Figure 22. The functioning of flux reversal motors.
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Position (a) in this figure is a state of equilibrium in which the rotor remains fixed until the
stator windings are excited in the direction of current shown in position (a). The excitation
current strengthens the flux of one magnet while attenuates the flux of another magnet which
places the rotor in position (b). At this moment, the stator current is disconnected and the rotor
moves to the next equilibrium state in position (c). As the current is connected in an opposite
direction to position (a), the rotor position is placed in position (d) through the generated flux.
The nonstop repetition of these steps will produce torque in the motor. It should be noted that
the linkage flux in positions (a) and (c) is at the lowest levels, while it is at the highest level in
both positions (b) and position (d) in the positive and negative direction, respectively, as
shown in Figure 22 [13, 15, 19].

4.4.4. Hybrid-excited DSPM motors

In this type of motors, the permanent magnet excitation is combined with electrical excitation
in the coils and creates an electric field. Hybrid-excited field provides attractive features to
these motors and makes them a perfect choice for use in systems such as wind turbines and
electric vehicles. Some of these features include:

• The possibility of controlling the air gap flux by changing the polarity and size of the DC
current in the excitation coil.

• By strengthening the field, the motor will be able to produce an extremely high torque
when necessary.

• By attenuating the field, the constant power zone of the motor is extended and creates a
wide speed range.

• By the appropriate adjustment of the air gap flux density, it will be possible to produce a
constant output voltage for the generating mode of the motor while the speed of the
generator may undergo many changes.

• By the appropriate adjustment of the air gap flux density, it will be possible to create
efficiency optimization control (EOC) which in turn makes it possible to optimize
the efficiency of the motor during operation. This feature is very prominent because the
efficiency of the motor is maintained at an acceptable level at all possible speeds.

Figure 23 shows the structure of a hybrid-excited motor. The structure of the rotor and stator
poles in this motor is exactly similar to that of a conventional SRM. However, there are some
permanent magnet materials and two coils with DC excitation current in the stator. By changing
the DC current in the coils, it is possible to control the excitation flux. This makes it possible to
control the motor through simple techniques. This structure is called stator doubly fed doubly
salient configuration. Because of the existence of DC excitation coils on the stator, these motors
produce a high flux leakage, which is regarded as a serious drawback for these motors [20–22].

4.5. Common pole PM-assist SRM

Ref. [23] introduces a common pole PM-assist SRM, which has a permanent magnet in the
excitation pole. Figure 24 shows the flux path in these motors when energizing phases. As it
can be seen in this figure, the flux path is designed in a way that, during energizing each phase,
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the fluxes generated by the coil and magnet are aligned with and reinforce each other. One
advantage of this structure is that because of the presence of common poles between phases,
the flux path does not allow the reverse flux to pass through the permanent magnet, and
therefore, there is no risk of losing the magnetic flux of magnets in this structure. In this
structure, two magnet blades are placed in excitation poles as shown in Figure 24.

One of the effective parameters in increasing the torque produced by the motor is the distance
between the two magnet blades. As the distance between the blades increases, the generated
torque will also increase. Therefore, the wider the poles, the greater the generated torque will
be. Another parameter affecting the torque is the width of the blades as studied in Ref. [23].

Another similar structure is introduced in Ref. [24], with the only difference the blades of the
permanent magnet are in the common poles, as shown in Figure 25. Given the greater width of
the common poles in this structure, the use of magnet blades in these poles is more practical
and provides further improvement in the motor performance. These two structures have been
studied from different perspectives in Ref. [25]. Generally, it can be concluded that these two
structures have a superior performance over the structure that lacks magnet.

Figure 24. The flux path in a PM-assisted SRM.

Figure 23. A hybrid-excited DSPM motor.
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Ref. [8] introduces another configuration of PM-assisted SRMs in which the magnet is placed
on the outer surface of the common poles, illustrated in Figure 26. The biggest advantage of
the structure shown in Figure 26 is the integrity of the stator compared to the previous
structure, which improves the motor strength and performance. But this structure also has a
big problem that is related to the location of magnets. If the thickness of the magnet is
increased to enhance the flux density, the torque will not increase. This is because as the air
gap in the common poles increases, the motor reluctance also increases which decreases the
reluctance torque. Therefore, it is possible to use small amounts of permanent magnet mate-
rials in this structure.

Figure 25. A PM-assisted SRM with a permanent magnet in common poles.

Figure 26. A PM-assisted SRM with a permanent magnet on the surface of common poles.
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4.6. Single-phase SRM

Because of their simple structure and low production and maintenance cost, single-phase
switched reluctance motors are very appropriate for high-speed applications. When the rotor
and stator poles are aligned, the excitation of the stator and rotor poles is interrupted and the
rotor continues to move because of the kinetic energy stored in it. When the rotor and stator
poles are not aligned, the excitation of the stator windings is resumed and it applies an
electromagnetic torque to the rotor. The main problem with this structure is that if the rotor at
starting point is in a position where the poles are aligned, the starting torque is not generated
and the motor is not able to move. This problem makes these motors inefficient, and they are
not used in practice. Figure 27 shows a very simple single-phase SRM in which the problem of
the lack of torque in alignment position is almost solved by placing a permanent magnet on the
stator in order to prevent the alignment of the poles in the static mode [4]. These motors have a
high-torque ripple and acoustic noise. Thus, they are suitable for use in equipment and tools
that are not very sensitive to torque ripple such as home appliances.

Single-phase SRMs have an equal number of poles in the rotor and the stator (2:2 or 4:4). The
possibility of a pause in the self-starting position has led to their widespread use in home
applications and vehicle parts with a torque less than 1 Nm.

4.7. Double stator-switched reluctance motor (DSSRM)

A qualitative investigation of tangential and normal force densities in electromechanical
energy conversion process and the energy conversion process within SRM were presented
in [26, 27]. A review of the literature indicates that the majority of the electromagnetic forces
that are generated within a conventional SRM are in the radial/normal direction (perpendicu-
lar to the direction of motion) and do not contribute to the motion. In fact, a significant part of
these forces will initiate undesirable vibrations that have been identified as a major drawback
for SRM drives.

It is desirable to generate a larger percentage of the electromagnetic forces that are effectively
acting in the direction of motion. Based on these guidelines, double stator-switched reluctance

Figure 27. A single-phase SRM with a permanent magnet to prevent the alignment of poles in static mode.
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motor (DSSRM) was proposed in Refs. [28, 29]. Figure 28 shows the design of a DSSRM
proposed in Ref. [29].

5. Conclusion

This chapter presented a comprehensive technology status review highlighting structural and
operational concept of SRM, its equivalent circuit model, advantages and drawbacks of each
topology as well as recent trends in incorporating PMs in the motor design to boost the overall
performance of the motor. The chapter also covers a new class of SRM with double stator
geometry. Unlike conventional design in which majority of the electromagnetic force is applied
in radial/normal direction (hence not contributing to the motion), double stator design offers a
much more efficient configuration in terms of generation of motional forces and exhibits
superior performance indexes as compared to conventional design and as such is viewed as a
serious contender for high-grade industrial applications.
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Figure 28. Primary 3-D model of designed DSSCR-SRM.
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Abstract

This chapter illustrates modeling techniques and software simulation of the switched
reluctance machine (SRM) machine models with controllers for efficient operation.
The first model is based on torque and flux data generated through finite element
analysis (FEA) and the second model is geometry-based machine model, which are
used to develop the operation logic for four-quadrant control of an SRM. The results
obtained from these models were used to develop a control strategy to adapt turn-on
and turn-off (commutation) angles efficiently. Two digital controllers, namely the
phase current controller for regulating current with a hysteresis band and the PI
(proportional-integral) speed controller for regulating the speed, are developed to
deliver the desired output torque. The controller is based on a negative feedback
closed-loop control system.

Keywords: SRM, four-quadrant, motoring, generating, FEA, modeling, simulation

1. Introduction

Earlier chapters may have described the fundamental principles of the SRM such as its stator,
rotor configuration, construction, and basic operation. The shape of the inductance profile of a
switched reluctance machine (SRM) along the air-gap between stator and rotor poles depends
on the resistance along the gap and pole-widths of stator and rotor as shown in Figure 1. The
control algorithm is developed based on this inductance profile with respect to rotor position.
Motoring can be achieved between unaligned and aligned pole positions because of the
positive slope of inductance. Similarly, along the negative slope from aligned to unaligned
pole positions, generating torque can be produced [1].

During motoring operation, the machine produces positive torque between unaligned and the
next aligned position in forward or reverse directions. In generation, the inductance will be

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



decreasing in the direction of rotation resulting in negative torque. The current flow in the
phase winding is always unidirectional; however, the current profiles for the motoring and
generating modes are exactly the mirror image of each other along the aligned pole position
for the same speed and symmetrical turn-on and turn-off angles as shown in Figure 2.

Figure 1. Phase inductance profile of a 12/8 pole SRM with respect to rotor position (in mechanical degrees).

Figure 2. Motoring and generating current waveforms describing the phase inductance principle of SRMs.
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2. Classic converter topology

Since the torque developed in an SRM is independent of the direction of current flow, unipolar
converters are sufficient to serve as the power converter circuit for the SRM. The most flexible
and versatile four-quadrant SRM topology is the classic bridge converter, which has two
transistors and two freewheeling diodes per phase as shown in Figure 3. The transistor
switches are turned on and off in each phase based on the controller output for torque and
speed control of the SRM.

There are three modes of converter operation in each phase: magnetization, freewheeling, and
demagnetization.

1. Magnetization period for motoring is when both the switches are turned on and the
energy is transferred from the source to the motor phase winding as shown in Figure 4(a).
For generation, the phase winding of the motor is excited initially to generate higher back-
emf than the DC-link voltage (þVdc) with the machine driven by a prime mover. The
generated energy is delivered to the electrical side achieving generation.

2. Freewheeling, for motoring operation at lower speeds, is accomplished by keeping one of
the switches on and switching the other switch as shown in Figure 4(b). With only one
switch on, the motor phase gets slowly demagnetized through the respective antiparallel
freewheeling diode. For generating operation, one of the switches is turned off, whereas
the other switch is turned on and off. With only one switch on, the motor phase gets
slowly magnetized through the respective antiparallel freewheeling diode.

3. Demagnetization is achieved by applying a negative DC-link voltage to the phase wind-
ing with the two switches turned off as shown in Figure 4(c), helps in fast decay of current
flowing through both the diodes.

The chopping operation involves switching of the transistors connected to the phase winding
accordingly for current regulation depending on the motoring or generating operation. The
possible phase voltages in this Pulse Width Modulation (PWM) operation would be þVdc (for
magnetization), 0 V (freewheeling), and �Vdc (for demagnetization). The phase current control
is set by three levels, which include the reference current value “Iref” and the upper and lower
hysteresis band limits. The hysteresis band value is chosen based on the peak current value of
the machine. The chopping operation is implemented for torque control below the based
speed.

The single-pulse mode of operation is possible when the machine is operated at high speeds. The
possible phase voltages in this operation would be þVdc (for magnetization) and �Vdc (for
demagnetization). The current regulation is not possible in this operation because in motoring
there may not be sufficient time to reach the desired current level at high speeds or in generating,
when demagnetization occurs, there is no control over the diodes. The main advantage of this
converter is its ability for independent control of each phase, which is particularly important
when phase overlap is desired. It is more suitable for high-voltage, high-power drives.

Four‐Quadrant Control of Switched Reluctance Machine
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3. Controller strategy

The effective performance characteristics from an SRM drive system can be obtained by proper
positioning of the phase excitation pulses relative to the rotor position. The commutation
angles (turn-on angle “θon,” turn-off angle “θoff”), total conduction period, and the magnitude
of the phase current “Iref” determine the average torque, torque ripple, and other performance
parameters. The complexity of finding the control parameters depends on the chosen control
method for a particular application. At low speeds, the current rises almost instantaneously
after turn on because of the negligible back-emf and the current must be limited by either
controlling the average voltage or by regulating the current level. As the speed increases, the
back-emf increases and opposes the applied DC-link voltage. Phase advancing is necessary to
establish the phase current at the onset of rotor and stator pole overlap region. Voltage PWM is
used to force maximum current into the machine to maintain the desired torque level.

Figure 4. Converter switching operation for motoring of phase Awinding.

Figure 3. Four-quadrant classic converter for a three-phase SRM.
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The block diagram for the general closed-loop speed and current control of the SRM is shown in
Figure 5. In speed control applications, an outer speed loop is added to the faster inner current
loop. The inner loop creates desired currents in the stator windings necessary to achieve the
desired speed specified by the outer loop. The inner current loop is implemented by current
regulation, which consists of the current controller, the power converter, the SRM stator wind-
ings and the current sensing devices for feedback control. For current control, a simple hyster-
esis controller is illustrated here for simplicity and PI controller for outer speed control.

4. Modeling of SRM in finite element analysis

Flux 2D is a finite element analysis software by Magsoft Corporation [2] that allows the user to
determine the various characteristic parameters of a machine based on the mechanical dimen-
sions, material properties, and operating conditions of the machine [10]. The overall cross-
section of the machine is divided into many sections, such as shaft, rotor, air-gap, stator, and so
on, and individual properties are defined. At the intersections of each section and on the
surface, the desired machine parameters of the SRM are calculated by virtually running the
machine at a constant speed in small position steps. The finite element analysis gives the flux-
linkage and torque characteristics of the SRM with respect to rotor position and current level.
These characteristics are used to build the SRM model in the form of look-up table. The
developed look-up table model is used in the simulation of the machine model.

An Finite Element Analysis (FEA) package requires detailed input data as shown in Table 1 for
design and the results need skilled interpretation. The SRM operates in a series of strokes with
“switched mode” excitations having no steady-state reference where all its state variables are
constant. The initial sizing of the geometry, static and magneto-dynamic FEA and system-level
simulations should be considered simultaneously for the SRM design to meet the design
requirements [3]. Other design objectives can be to optimize the torque density, power density,
efficiency and to minimize torque ripple.

Figure 5. Closed-loop speed and current control block diagram of a SRM.
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Modeling of SRM in Flux 2D involves eight steps: (a) geometry construction, (b) sectional
design, (c) surface meshing, (d) stator and rotor material, (e) stator coil excitation circuit, (f)
rotor physics definition, (g) solving for machine parameters, and (h) analysis of results [4].

5. Simulation of the SRM FEA model in Mat-lab

Look-up tables are developed for the machine model from the flux-linkage and torque charac-
teristics obtained from FEA. The flowchart showing the SRM simulation with FEA look-up

Parameters Value Units

Shaft radius 0.6 Inches

Radius to rotor yoke 1.2025 Inches

Radius to air gap 1.6325 Inches

Radius to stator yoke 2.233 Inches

Outer radius 2.7435 Inches

Air-gap 0.015 Inches

Number of phases 3 –

Number of stator poles 12 –

Number of rotor poles 8 –

Number of repetitions 2 –

Periodicity 90 Degrees

Rotor pole width 15 Degrees

Stator pole separation 30 Degrees

Magnetic saturation 1.8 Tesla

Magnetic permeability 4pi � e-7 Henry/meter

Relative permeability 3300 –

Fill factor 0.453 –

Stacking factor 0.9 –

Length of stack 1.846 Inches

Phase resistance 2.1 Ohms

No. of turns/pole 175 –

No. of coils in series 4 –

No. of coils in parallel 1 –

Max. current in coil 5.5 Amperes

Power delivered 660 Watts

Operating speed 264 Radians/sec

Table 1. Dimensions, configuration parameters, and ratings of an example 3-ph, 12/8 SRM.
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table-based model is shown in Figure 6. The control logic for this simulation is similar to the
geometry-based machine model described below. The table for flux-linkage characteristics
consists of flux values at different current levels and rotor positions as shown in Figure 7. The
table for torque characteristics consists of phase torque values for different current levels and
rotor positions as shown in Figure 8. Depending on the mode of operation (motoring or
generating), the respective rotor positions are considered appropriately.

5.1. Phase current interpolation

In the flux-linkage table, the columns represent the phase current (in amperes) and the rows
represent the rotor position (in degrees). The flux-linkage values at different rotor positions are
represented as rows between unaligned and aligned positions. Now depending on the rotor
position and the flux-linkage values, the two adjacent current columns are known. Finally, the

Figure 6. Flowchart showing the SRM simulation with FEA look-up table-based model.
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Figure 7. Flux-linkage characteristics obtained from Flux2D finite element analysis.

Figure 8. Torque characteristics obtained from Flux2D finite element analysis.
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phase current is interpolated from this data as shown in Eqs. (1)–(8). The interpolation algo-
rithm is described below.

A set of four fluxes is obtained first from available data in flux-linkage table. These are

f l11 ¼ f lux row1, col1ð Þ ð1Þ

f l12 ¼ f lux row1, col2ð Þ ð2Þ

f l21 ¼ f lux row2, col1ð Þ ð3Þ

f l22 ¼ f lux row2, col2ð Þ ð4Þ

The interpolated fluxes fl1, fl2 are obtained from fl11, fl12, fl21, fl22, respectively, using the
equation:

f l1 ¼ f l21 � f l11ð Þ � th1 � th1ð Þ= th2 � th1ð Þ þ f l11 ð5Þ

f l2 ¼ f l22 � f l12ð Þ � th1 � th1ð Þ= th2 � th1ð Þ þ f l12 ð6Þ

Here, tha is in mechanical degrees.

The final phase current at fixed “tha” is calculated as:

iph ¼ i2 � i1ð Þ � phase_f lux� f l1ð Þ= f l2 � f l1ð Þ þ i1 ð7Þ

After determining the appropriate phase current value, the rate of change of flux-linkage is
computed based on the equation below. By integrating the above equation, the instantaneous
phase flux-linkages can be obtained.

dλph=dt ¼ Vph � ðiph � xRphÞ ð8Þ

5.2. Phase torque interpolation

Similar to phase current, the phase torque is also interpolated using the same procedure [12].
The interpolation equations with reference to the Figure 8 below are given in Eqs. (9)–(11).

T1 ¼ ðT21 � T11Þ � ðtha � th1Þ=ðth2 � th1Þ þ T11 ð9Þ

T2 ¼ ðT22 � T12Þ � ðtha � th1Þ=ðth2 � th1Þ þ T12 ð10Þ

Here, tha is in mechanical degrees.

The final phase torque at fixed “tha” is calculated as:

Tph ¼ ðT2 � T1Þ � ðiph � i1Þ=ði2 � i1Þ þ T1 ð11Þ
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6. Modeling of SRM in Mat-lab

The SRM is always operated in the magnetically saturated mode to maximize the energy
transfer. Knowledge of the magnetic flux linked by a phase is essential to develop a sophisticated
SRM controller. The inherent magnetic non-linearity of the SRM must be taken into account by
accurate modeling of the machine characteristics [5]. The high degree of non-linearity makes it
[9] impossible to model the flux-linkage or phase inductance by an SRM phase accurately. The
phase inductance and flux-linkage vary with rotor position due to stator and rotor saliencies and
also vary with the instantaneous phase current because of magnetic saturation.

The analytical model developed by A. Radun is derived from the machine geometry and mate-
rial magnetic property. The model uses an analytical solution for the flux linked and static torque
produced by one SRM phase. Separate analytical models for the flux linked by a phase when its
stator and rotor poles do overlap [6] and do not overlap [6] are combined to provide a complete
model of a given SRM phase. When the poles overlap, saturation must be included, especially in
the pole tips, whereas a linear representation can be used for the unsaturated regions. The flux
linked by the SRM phase is determined from the sum of the main flux and the fringing flux that
is linked to the phase. The analytical model could be used to calculate motor parameters.

The geometry-based machine model allows extensive computer simulation studies during the
machine and drives design stage. The general form of a geometry-based analytical expression
for flux-linkage used can be shown as [6]:

λ i,θð Þ ¼ Am θ, ξð Þ þ Af θ, ξð Þ � Bm θ, ξð Þ � sqrt Cm ξð Þ þDm θ, ξð Þ þ Em i2, ξ
� �� �� Bf θ, ξð Þ

� sqrt Cf ξð Þ þDf ðθ, ξÞ þ Ef ði2, ξÞ
� � ð12Þ

Where, A, B, C, D, and E are dependent constants. “ξ” stands for geometry and magnetic

Figure 9. Simulation block diagram of analytical SRM model.
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properties and “θ” stands for rotor position. Subscripts “m” and “f” are for main and fringing
components of the flux-linkage, respectively. This approach is important for modeling of the
magnetic structure of the motor for the purposes of controller design and dynamic perfor-
mance prediction.

The above model described is used in the mat-lab simulation [7]. The block diagram of
the simulation is shown in Figure 9. The modules for the simulation are the machine model,
the speed and current controllers, the power converter, and the load model. The inputs to the
machine model are the phase voltages, and the outputs are the phase currents, rotor position,
and electromagnetic torque. In the machine model, the current derivatives di/dt are calculated
based on the machine parameters, applied phase voltages, and the previous step phase currents
and position information. The equations to calculate the phase torque, phase inductance, back-
emf and phase currents have been derived from the machine model. The fundamental inputs
used for this simulation are the geometric parameters and operating conditions of the machine.

7. Simulation of the SRM analytical model in Mat-lab

The controller generates the turn on, turn off, and phase current command based on a control
algorithm and rotor position feedback information [11]. The sequence of phase turn-on and
turn-off logic for each phase is simplified by wrapping the angles for once rotor pole period,
i.e., �22.5 to 22.5

�
based on the 12/8 pole SRM configuration shown in Figure 10. Since the

machine has 12 stator and 8 rotor poles, the pole arc of each rotor pole is 45
�
; therefore, the

position is periodic within �22.5 to 22.5
�
or 22.5 to �22.5

�
depending on the direction of

rotation (forward or reverse directions, respectively). Similarly, the position wrapping for
phase B and C are shifted by 30 and 60

�
(mechanical) respectively [8].

Figure 10. Position wrapping of each phase with rotor pole arc period.
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7.1. Motoring operation of the SRM

The best turn-on and turn-off angles are tuned for proper current and speed control based on
the inductance profile of the machine [13]. The various operations involved in modeling the
closed-loop control of the SRM for motoring are active phase determination, phase switching,
hysteresis current chopping, and PI speed control.

a. Active phase determination: The active phase to be turned on for power processing is based
on the rotor position. Phase A aligned position is used as the reference (initialized to 0

�
);

therefore, phase C will be starting phase for motoring operation if going in forward direc-
tion of motion or phase B if going in reverse direction. When the phase is operating in its
increasing inductance region and within the conduction period, it is said to be active. The
turn-on and turn-off angles may change, and the period of phase operation may also vary
depending on the torque demand and operating speed. The nominal phase conduction
period is the stroke angle, which is 15

�
for a 12/8 SRM.

b. Phase commutation: In order to achieve precise control of phase current at various
machine operating speeds, each active phase has to be operated between the optimum
turn-on and turn-off angle positions. When the phase operation starts, the winding is
excited until the current command is reached and then demagnetized when the phase
operation is turned off. Chopping can also be implemented for torque control.

c. Current chopping: Once the phase is excited with both switches turned on þVdc is
applied, the phase current will increase as the phase voltage dominates over the back-
emf resulting in positive di/dt as described by Eq. (13):

di=dt ¼ ðVph � back_emf � i� RphÞ=Linc θð Þ ð13Þ

When the current reaches the upper band [Iref þ band/2], one of the switches is turned off,
whereas the other switch is kept on for the phase current to decrease by freewheeling
within the phase winding because of negative di/dt. When the current reaches the lower
band [Iref � band/2] due to 0 V, both the switches are turned on to increase the phase
current. Both the switches are turned off when the phase has to commute upon
approaching the turn-off angle so that the phase current decays to zero quickly as shown
in Figure 12. During motoring operation, the phase voltage applied across the phase
winding by switching of transistors is shown in Figure 11. This procedure is repeated for
next in-coming phases.

The machine rotor speed “ωm” and position “θ” is computed with the known moment of
inertia “J” the total electromagnetic torque “Te” developed by the machine, and the
opposing load torque “TL” using the equation;

J � dω=dt ¼ Te � TL ð14Þ

d. PI speed controller:A PI controller is used for speed control of the SRM for simplicity. The
advantage with this controller is that the speed of the machine can be controlled with fast
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transient without overshoots and good stead state response. The PI speed control loop is
in the outer loop generating the desired phase current command based on the speed as
shown in closed-loop block diagram Figure 5. Here, the desired current “Iref” is not fixed,
but changes based on the error between desired speed “ωref” and actual machine speed
“ω”. The PI control parameters are tuned in the simulation Figure 12.

7.2. Generating operation of the SRM

Here, the SRM is mechanically coupled and driven by the prime mover at a constant speed.
The various operations involved in modeling the braking operation of the SRM are active
phase determination, phase commutation, and hysteresis current chopping [14].

a. Active phase determination: Generation is achieved during decreasing inductance region
�dL/dθ from aligned to unaligned positions. The conduction angle in this region is chosen
based on the control algorithm for desired braking operation. The same turn-on and turn-off
angles are used for other phases with phase angle shifting. The turn-on and turn-off angles
may change depending on the speed and generation current command.

b. Phase commutation: The phase operation in generation is quite different from motoring
operation. When the phase switching is turned on, the winding is initially excited for some
period and then generation is achieved with the excitation turned off. When the excitation is
off, the phase winding is demagnetized through the diodes in order to capture the generated
energy. Chopping mode with hysteresis current control can also be used for regeneration in the
lower speed range.

Figure 11. Phase voltage switching during motoring operation at fixed speed.
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c. Current chopping: The phase current control is implemented same as in motoring, but the
freewheeling of phase currents is achieved differently. The back-emf produced during the
generation is negative; therefore, when the voltage across phase winding is 0 V, the rate of
current change is positive resulting in magnetization. Similarly, with the phase voltage �Vdc

the rate of current change is negative resulting in current decay based on Eq. [13].

The phase winding is initially excited for some period by applying þVdc across the phase. When
the phase excitation is turned off, the phase current will continue to increase even after the
excitation period is finished and the current regulation follows until the phase operation is
commuted. During current regulation, when the current reaches the upper band [Iref þ band/2],
both the switches are turned off (�Vdc) andwhen the current reaches the lower band [Iref� band/2],
one of the switches is turned on (0 V) to freewheel the current within the phasewinding.When the
phase has to commute, both the switches are turned off (�Vdc) to let the phase current decay to
zero soon and then set to 0 V, when the current reaches zero as shown in Figure 13.

Figure 12. Forward motoring operation of phase Awith hysteresis current control.
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d. Single-pulse mode operation: When the machine is operated above the based speed, it is
forced to be in the single-pulse mode. In this mode, the phase winding is initially excited with
both the switches turned on (þVdc) and then demagnetized with both the switches turned off
(�Vdc). Here, the current cannot reach the desired level and decreases to zero when
approaching phase commutation point.

8. Conclusion

A Switched Reluctance Machine is special DC machine with non-linear characteristics. This
chapter provides modeling approach of two different techniques, one based on the analytical
equation and other based on finite element analysis. The techniques provide guidance on how
to obtain the optimized commutation angles from the modeling and by utilizing them in the
software simulation, the closed-loop control of the SRM in motoring and generating operation
are demonstrated. With the optimized commutation angles, precise control of speed, torque,
and current in various operational modes in four-quadrants like forward motoring, reverse
motoring, forward generation and reverse generation are shown.

Figure 13. Generating operation of the SRM in forward direction.
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Abstract

Switched reluctance motor (SRM) drives can be a good competitor to conventional
induction and permanent magnet motors in variable speed applications because of
advantages, such as simple construction, no rotor windings, high torque to inertia ratio,
adaptability to hostile conditions, etc. Due to its high nonlinearity, the torque ripple is
high in switched reluctance motor. The sophisticated direct instantaneous torque control
(DITC) can maintain the torque developed by the motor within hysteresis band by
suitably selecting the switching states of the converter. Hence, DITC controller mini-
mizes the torque ripples and also provides fast response to the torque changes. The
performance of DITC controlled SRM drive is analyzed through simulations during
acceleration and also in steady state for two types of load torques namely fan type and
constant torque. The variation of the switching frequency of the converter is analyzed by
changing the torque hysteresis band. It has been observed that as the hysteresis band
decreases, the switching frequency increases. So, the hysteresis band cannot be
increased beyond a certain limit so as to ensure that the switching frequency of the
device cannot increase beyond its operating limit.

Keywords: direct instantaneous torque control, switched reluctance motor, torque
ripples

1. Introduction

Switched reluctance motors (SRMs) are replacing the conventional motors in specific appli-
cations during last decade due to developments in power electronics and microelectronics

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



technology. Due to its simple mechanical structure, manufacturing process becomes easy
and the cost of the motor becomes low. The rotor is made up of stacks of iron and does not
carry any windings or magnets. Thus, it is mechanically robust and naturally suited for
high-speed operation. The rotor has the low moment of inertia and high torque/inertia ratio.
The SRM achieves high-torque levels at low-peak currents by using small air gaps. The
major sources of heat are on the stator, so simple cooling methods can be adopted, as the
stator is easier to access than the rotor. The rotor losses are much smaller than the stator as
compared to DC, induction and PM machines. As the motor does not produce cogging or
crawling torque, skewing is not required to decrease them unlike the induction and PM
machines [1–4].

The SRM is a highly reliable motor, as it can function even under faulty conditions with reduced
performance. In addition, the motor windings are both physically and electromagnetically iso-
lated from one another, reducing the possibility of phase-to-phase faults. As the windings are
electrically separate from each other and as they have negligible mutual coupling, electrical fault
in one phase does not affect other phases. Such a feature is unique to the switched reluctance
motor. The classic SRM drive as a systemwith converter involves two switches and a winding in
series. Thus, even in case of both switches being turned on simultaneously, no shoot-through
faults would occur, unlike the case of AC drives, which lead to shorting of the DC bus [3]. This
assures high reliability for this converter compared to other converters. Unidirectional current
required by the motor drive makes power electronics drive circuitry simple and reliable.

Main drawback of the motor is that the torque ripples are high as compared to DC and AC
machines. Developments in semiconductor technology and microelectronics have resulted in
development of sophisticated control strategies to minimize the torque ripples. This has brought
the SRM back into the variable-speed drive market. To compete for applications requiring no
position sensor, advanced sensor-less techniques have been suggested by the researchers [4].
Applications of the SRM drives are categorized as low, medium, high-power, and high-speed
drives [3, 5]. The low-power (less than 3 HP) applications are plotter drive, washing machines,
hand-held tools, sliding doors and household appliances (mixer machines, vacuum cleaners with
a power range of 0.5–2 kW). The applications in medium power range (less than 300 kW) are
industrial general purpose drives, electric vehicles, trains, mining industry; speed applications
are textile processing industry, centrifuge for medical applications and aerospace applications [5].

2. Switched reluctance motor

The switched reluctance motor is a doubly salient and singly excited motor. This means that it
has salient poles on both stator and rotor as shown in Figure 1. The stator poles carry the
concentric coils. The diametrically opposite coils on the stator poles are connected to form the
phase winding. The rotor has no windings and is built up from a stack of salient pole
laminations [6]. The motor operates on the well-known principle of minimum reluctance.
When a particular phase is excited, the nearest rotor pole tries to align along the corresponding
stator pole axis, so as to minimize the reluctance of the magnetic path. Hence, by sequential
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excitation, the motor can rotate in either direction. An exciting sequence of A-B-C-D for the
motor shown in Figure 1 will result in counter clockwise rotation, while an exciting sequence
of C-B-A-D will result in clockwise rotation of the motor [6]. During the rotation, there are
three relative positions between the stator and the rotor. When any pair of the rotor poles is
exactly aligned with stator poles of a particular phase, that position is called as aligned position.
Similarly, if the inter-polar axis of the rotor is aligned with the stator poles of a particular
phase, that position is called as unaligned position. The position between the aligned and
unaligned position is called the misaligned position [7].

The mathematical equations of DITC [8, 9] as applied to SRM are discussed here. The instan-
taneous voltage across the motor winding is given by:

v ¼ Riþ dψðθ, iÞ
dt

ð1Þ

where ψ(θ, i) is the phase flux-linkage, which is a function of rotor position θ and current i.

Thus, the equation for the power flow can be written as:

vi ¼ Ri2 þ i
∂ψðθ, iÞ

∂i
di
dt

þ i
∂ψðθ, iÞ

∂θ
dθ
dt

ð2Þ

dWm ¼ i
∂ψðθ, iÞ

∂θ
dθ� ∂W f

∂θ
dθ ð3Þ

where, dWm and dWf are the differential mechanical energy and field energy, respectively.

The instantaneous torque is defined by:

T ¼ dWm

dθ
ð4Þ

The expression for the instantaneous torque production of an SRM phase can be written as:

Figure 1. A typical four phase 8/6 SRM.
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T ¼ i
∂ψðθ, iÞ

∂θ
� ∂W f

∂θ
ð5Þ

This is a rarely used variant of conventional torque equation. Due to saturation in the SRM, the
influence of the second term in Eq. (5) is negligible. Therefore, by using this approximation, the
following equation for torque production may be obtained as:

T ≈ i
∂ψðθ, iÞ

∂θ
ð6Þ

3. Principle of direct instantaneous torque control

Direct instantaneous torque control strategy as shown in Figure 2 can be explained as follows
[10–13]. The reference torque is compared with the actual torque and given to a hysteresis
torque controller, which outputs in torque increase or decrease signal. The output of the torque
hysteresis is given to switching control unit. Switching control unit does the following opera-
tions: it detects the outgoing and incoming phases based on the position sensor signal, turn-on
and turn-off angles of the converter. Next states of both incoming and outgoing phases are
determined on the information obtained from instantaneous torque, command torque, and
present states of incoming and outgoing phases so as to control the torque within its set band.
The asymmetrical converter used to excite the phases of the motor has three possible switching
States, i.e., 1, 0, and �1 [11, 14].

In single-phase conduction, any one phase is excited, and the total torque is developed by that
phase only. If the torque is less than the reference torque, the controller selects State as 1 and if
it is more than the reference torque State is made to �1. State 0 is not used in this scheme.
During phase commutation, two phases conduct simultaneously, and the torque of the two
consecutive phases is controlled to control the total torque. The torque is maintained within

Figure 2. Block diagram of DITC.
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hysteresis band, by changing the States of the outgoing and incoming phases between 1 and �1,
depending on the value of instantaneous torque [11, 14]. The flow chart of the DITC is shown in
Figure 3.

Direct Instantaneous Torque Controlled Switched Reluctance Motor Drive for Fan Type Load…
http://dx.doi.org/10.5772/intechopen.69280

47



Switched Reluctance Motor - Concept, Control and Applications48



Switched Reluctance Motor - Concept, Control and Applications48

Figure 3. (a–d) Flow chart of DITC.
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4. Simulation and analysis of DITC

The complete model of the four-phase 8/6 SRM with DITC controller is shown in Figure 4(a).
The specifications of the SRM are given in Appendix A. The model consists of electrical system,
mechanical system, position sensing, asymmetrical converter, and DITC controller blocks.
DITC program is written in the embedded function blocks described in Figure 3. Figure 4(b)
shows the internal model of SRM. The performance of the DITC-based SRM drive is analyzed
for a fan-type load of 8 Nm and at a reference speed of 800 rpm. The change in the switching
frequency of the device with change in hysteresis band is shown in Table 1. The typical
frequency of the device is from 5 to 20 kHz. For 5% band of torque hysteresis, the switching
frequency is less than 15 kHz, which is the safe operating frequency of the device. Thus, 5%
torque hysteresis band can be selected for this drive, because a further decrease in the hyster-
esis band increases the switching frequency which is beyond the normal operating frequency
of the device. It is observed that at lower hysteresis bands, switching frequencies of the device
are higher, which increases the switching losses and reduces the efficiency [14].

Total torque of the motor in steady state is shown in Figure 5(a). It is calculated that the torque
band is 0.432 Nm as against the set band of 0.40 Nm, while the set band is 0.40 Nm and the
torque ripple is 5.41%. Figure 5(b) (c) show the voltage applied across two phases, Ph1 and
Ph2, respectively. Ph1 is the outgoing phase and Ph2 is the incoming phase. The voltage in each
phase changes between +120 and �120 V, in order to maintain total torque same as the load
torque. The torque sharing between two consecutive phases is shown in Figure 5(d). During
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commutation, it is observed that outgoing torque is decreasing and incoming torque is increasing,
but the total torque is kept constant by changing the States between 1 and�1. Figure 6 shows the
expanded view of the Figure 5.

Torque of all the four phases in the steady state is shown in Figure 7(a), while the current in all
the phases is shown in Figure 7(b). The maximum current and average current in each phase
are 15.50 and 4.62 A, respectively. Figure 7(c) shows the total torque response of the motor.
Thus, the torque ripple is minimized in the steady state and during acceleration period.
Figure 7(d) shows the load torque. Figure 7(e) shows the speed response. The steady state
speed is maintained constant at 798 rpm. The settling time of the speed is 0.32 s.
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Figure 4. (a) Simulation diagram of SRM drive with DITC, (b) internal block of SRM, (c) internal model of phase 1, (d)
asymmetrical converter, and (e) one leg of the converter.

Torque hysteresis band (%) Switching frequency (fs) (kHz)

10 6.22

8 8.89

5 13.99

4 16.18

3 21.54

Table 1. Variation of switching frequency with torque hysteresis band.
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The performance of the DITC-based drive is also analyzed for a constant torque load of 8 Nm
and at a reference speed of 800 rpm. The simulation diagram is shown in Figure 8. The input to
the PI controller is the error between the actual speed and the command speed and the output
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Figure 5. DITC with fan-type load (a), total torque (b), (c) phase voltages, and (d) phase torques.
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Figure 6. Expanded view of Figure 5.
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Figure 7. DITC with fan-type load (a), phase torques (b), phase currents (c), total torque (d), load torque (e) speed.
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Figure 8. Simulation diagram of SRM drive with direct instantaneous torque controller for constant torque load.
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Figure 9. DITC with constant torque load (a), total torque (b), (c) phase voltages, and (d) phase torques.
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is the command torque. Whenever the speed is less than the command speed, the output of the
PI controller is 9 Nm. The output of PI controller is equal to the load torque when the speed
reaches the reference value.

Simulation waveforms of the DITC-based drive for constant torque load are shown from
Figures 9(a)–(d), 10, and 11(a)–(e). It is observed that the torque is maintained within a band
of 0.43 Nm as against the set band of 0.40 Nm. The torque ripple is only 5.38% in steady state.
The maximum current and average current in each phase are 17.59 and 5.00 A, respectively.
Thus, the torque ripple is minimized in the steady state and during acceleration period. The
settling time of the speed is 0.713 s. The variation of peak current, average current, torque
ripple, and speed settling time for DITC-based SRM drive is given in Table 2.

From the Table 2, it is observed that the peak current, average current, and settling time is
higher for constant torque load as compared to fan load. There is no significant variation in the
torque ripple for both types of loads. Switched reluctance motor drives with sophisticated
direct instantaneous torque control can minimize the torque ripples and increases the effi-
ciency of the drive when operated at the required torque band and thus can be included in
the future energy technologies.
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Figure 10. Expanded view of Figure 9.
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Figure 11. DITC with constant torque load (a), phase torques (b), phase currents (c), total torque (d), and load torque (e)
speed.

Type of load Peak current (A) Average current (A) % Torque ripple Settling time (s)

Fan-type load 15.50 4.62 5.41 0.32

Constant torque load 17.59 5.25 5.38 0.71

Table 2. Comparative analysis for fan-type load and constant torque load with DITC.
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5. Conclusion

A more sophisticated control technique named direct instantaneous torque control is presented
in this chapter. In this control strategy, the torque is maintained within a set hysteresis band by
changing the switching States of the phases. The torque ripple variation with switching fre-
quency has been analyzed with DITC controller under accelerating and steady state conditions.

The DITC controlled drive is simulated in MATLAB/SIMULINK environment with fan load and
constant torque and is observed that the controller maintains the total torque within its set band
during steady state and also while accelerating. The switching frequency under such conditions
is 13.99 kHz. Thus, it can be concluded that, unlike conventional techniques, DITC control does
not require any current profiles or torque sharing functions.

A comparative analysis of DITC-based drive with constant torque load and fan-type load is made.
It is observed that the peak current and average current are higher for constant torque load
compared to fan-type load. The torque ripple is almost same for both types of loads. The speed
settling time for constant torque load is more than twice the value obtained with fan-type load.
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Abstract

In the last decade, increased tendency in the field of automotive industry was focused on
the development of highly efficient and low-cost electric propulsion systems to replace the
existing internal combustion solutions. The aim is to reduce the pollution due to carbon
dioxide emissions into the air. Several electric machine topologies with their power elec-
tronics, control and supply units are continuously in the development process to reach the
desired goal. One such machine is the switched reluctance machine (SRM), reaching
increased power density, low cost and possibility of continuous operation despite fault
occurrence. Designing the machine, choosing its power electronics and controlling the
machine to diminish the negative effect of the torque ripples are key points in reaching
the proper propulsion system. The main topics presented in detail in this chapter are
managing the reader’s skills with an analytic design breviary, presenting the machine’s
control strategies for instantaneous torque linearization and finally, showing a power
converter topology with increased performances in low voltage applications. To be more
close to such an application, the exampled machine is developed for a light electric vehicle
for people with physical disabilities. Operational skills of the machine will be validated
based on complex simulations.

Keywords: switched reluctance machine (SRM), design breviary, power electronics,
torque smoothening, light electric vehicle

1. Introduction

Nowadays, research activity in the field of automotive industry receives a strong influence due
to necessity to reduce the emissions of polluting gasses in the atmosphere. Hence, replacing the
classical internal combustion engines with electric propulsion systems that are non-polluting

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



became a hot topic in research labs all over the world [1]. Different electrical machine structures,
their power electronics and supply units are continuously developed and tested, aiming the goal
of high efficiency at as low costs as possible. Induction machines and permanent magnet
machines are now implemented on Tesla and Toyota electric vehicles. However, their design
and building costs are higher compared with other machine topologies, such as the switched
reluctance machine (SRM). The latter has the main drawback of more complex power electronics
and complex control. However, with the advance of the semiconductors and processors, it
became possible to develop reduced price electronics and their applied control for SRMs.

Another feature of the SRM is the ability to continuously operate even in faulted conditions
and if added to the original topology, structural modifications one can reach a highly fault
tolerant propulsion machine [2].

Designing an SR machine is not too complicated, however, it is important to establish during
sizing process, proper flux density values in the magnetic core. Too low values have the
outcome of an unsaturated machine and by this, poor power density and too high values will
limit the developed power and cause core heating [3]. Proper sizing of the air-gap is having
huge performance influence; hence, a compromise must be considered between low values
and building costs that are increasing drastically for values smaller than 0.5 mm.

Choosing and designing the proper architecture for the power electronics for an SR machine is
crucial from the point of view regarding costs and ability to perform torque linearization
control. If no such dedicated control is required, only classical hysteresis one is engaged, there
are simple power converters that can be used with minimal number of transistors. However, if
one desires to develop and use torque smoothening procedures, topologies that allow these are
mandatory to be used, based on complete or half-H bridge designs, with independent switch
control. Moreover, the driver that turns on/off the power switches must be able to maintain the
state of the switch for an unlimited time [4].

A serious drawback of the SRM is the increased torque ripples that are caused due to the working
principle of the machine to switch the current from one phase to the next one that encounters the
lowest magnetic reluctance. By this, the rotor moves from unaligned to aligned rotor to stator
poles, the movement being characterized by a sudden instantaneous torque variation. Part of the
torque ripple minimization can be handled during the design phase [5], shaping correctly the
rotor poles function of the stator ones. However, this is limited up to an extent that is still
considered too much for automotive applications. The main method for decreasing as much as
possible the torque ripples that create mechanical stress, noise and vibrations is to engage direct
instantaneous torque control (DITC) of current profiling based on torque sharing functions (TSF).
For both, as mentioned in the previous paragraph, it is necessary to have certain electronics that
allow their operation. Following the details presented in this chapter, one can see that the toque
characteristic of the SRM can reach a shape just like that of an induction or synchronous motor,
yet using a much cheaper and more simple machine structure.

To be more comprehensive when designing such a machine, it is more transparent if one
considers a specific application. For this case, the application will be a light electric vehicle
designed for people with physical disabilities. Based on an existing DC machine mounted on
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such a vehicle, the main parameters that will be the start-up for the design process are: the
required output power (P2N) 1.2 kW, the supply voltage (UN) of 24 V, shaft speed (nN) of 3400
rpm and electromagnetic required torque (T) of 3.4 Nm. Besides these considerations, it is
mandatory that the machine needs to fit in the place of the existing DC machine. Hence, the
maximum dimensions allowed are as follows: for the outer diameter 115 mm and for the active
stack length 150 mm.

2. Design of the switched reluctance machine

Based on the specifications detailed in the introduction part, one can start sizing the SRM.
Before that the stator (QS) and rotor (QR) pole numbers must be imposed. Usually, three-phase
SRMs are cheaper both in electronics and machine building, but encounter high torque ripples,
while five- or six-phase machine with low torque ripples reach increased development costs.
Hence, the best compromise is to develop a four-phase machine, with a QS/QR ratio of 8/6 [6].
Another parameter that must be imposed is the flux density toward the air-gap (Bgmax) at 1.9 T.
The current computed function of the supply voltage and the machine’s requested power,
considering an efficiency of 0.65 (low power SRMs have quite poor efficiency) is I = 80 A. The
design process is an iterative one, as this will be explained later. Hence, the air-gap was set to a
low value of g = 0.1 mm, this is due to the dimension limitations of the outer machine diameter.

The most influential parameter of the machine is the mean diameter [7] (Dg).

Dg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P2N �Qs � kσ
QR � π2 � kL � nN60 � Bgmax � 1� 1

Kcr

� �
� AS

3

vuut ð1Þ

In Eq. (1), kσ and kL coefficients are the leakage flux factors, chosen between 0.75 and 0.95,
respectively, the aspect factor, which can be calculated from the rotor pole number using Eq. (2).

kL ¼ π
2
� 1ffiffiffiffiffiffiffi

QR
3
p ð2Þ

It should be mentioned that for this particular design, as the active stack length is given in the
specifications, one does not need to compute it any more. The term As represents the electrical
loading that is chosen in the range 25,000–100,000 A/m, where higher values correspond to
smaller dimensions [8]. Carter’s factor (KCR) considers the flux path’s distortion due to the
shape of the salient poles. Its value ranges between 1.4 and 2. The ratio of the mean diameter
with respect to the aspect factor will give an estimate of the active stack length of the machine
(lS), but as mentioned for this design, this is a known value.

The stator and rotor pole pitch is computed as ratio between the mean diameter and the
number of the poles, using Eq. (3).
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τS;R ¼ π � Dg

QS;R
ð3Þ

The width of the stator and rotor poles (bpS and bpR) can be calculated by using the pole pitch
values, considered about 0.1–1.3 of it. The values chosen for stator and rotor were, respectively,
0.8 and 1.15 to reach as low torque ripples as possible [6]. Using these values, the yokes of the
stator and rotor can be computed considered in the range of 0.5–1 of the pole width. Smaller
values will reach proper saturation in the magnetic cores [5, 9] which will help to extract the
energy from the coils when the phase is turned off. However, too low values will saturate the
core too much resulting in the overheating of machine.

The slot openings are used to determine function of the stator and rotor pole widths and the
pole pitch values computed with Eq. (3).

bcS;cR ¼ τS;R � bpS;pR ð4Þ

Using a catalogue value for the shaft (dax) one can now finalize the sizing process that regards
the SRM’s rotor. The rotor pole height, meaning the dimension from the airgap to the rotor
yoke, and the inner rotor diameter will be computed using Eqs. (5) and (6), both function of the
rotor yoke height (hjR).

hpR ¼ Dg � g
2

� hjR � dax
2

ð5Þ

DiR ¼ Dg � g� hjR � hpR ð6Þ

To finalize the sizing process with regard to the stator; firstly, it is necessary to size the coils of
the machine, because these influence the height of the stator poles. This process starts from the
magnetomotive force (mmf). There are several methods to compute it, but one efficient and
simple way is to take advantage of the known parameters, such as the air-gap length (g) and its
flux density value (Bgmax), the saturation factor, the flux leakage factor (kρ) and the relative
permeability of the air (µ0).

Θ ¼ g � ksat � Bgmax

kρ � μ0
ð7Þ

Now a round value of the number of turns can be established as a function of the magneto-
motive force and the phase current (I) of the SRM.

Nf ¼ round
Θ
I

� �
ð8Þ

Next, sizing the cross-section of the wire has handled function of the current density (Jc) in the
range of 2.5–8 A/cm2.

Scond ¼ Irms

Jc
ð9Þ
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In Eq. (9), it is seen the rms value of the current (Irms) is used instead of its rated value. The
reason is that the current is switched from one phase to another, and the machine has four
phases; one phase will be energized for only ¼ of the entire period. Hence, the rms current will
be computed as the function of the number of phases (Nphase) like in AC supply systems, based
on Eq. (10).

Irms ¼ Iffiffiffiffiffiffiffiffiffiffiffiffiffi
Nphase

p ð10Þ

The used wire diameter can be computed as the function of the cross-section in Eq. (9). This
value will be used for arranging the turns inside the stator slots, as it will be presented as
follows. The total number of turns is placed in several layers. Each layer will have a certain
number of turns (Nsp_strat), computed function of the slot opening (bcS), its insulation (giz) and
the actual wire diameter.

Nsp_strat ¼ round
lbob � 2 � giz

1:05 � d
� �

ð11Þ

The number of layers (nstrat) is found by dividing the total number of turns by the number of
turns in a layer. Now, the height of the coil can be used to find the function of the number of
layers, the wire diameter and the isolation of each wire (giz_strat), using Eq. (12).

hbob ¼ nstrat � ðdþ giz_stratÞ þ 2 � giz ð12Þ

The area inside the stator slot occupied by the coil is used to compute function of the number
of turns, the cross-section of the wire and a factor (ku) ranged between 0.5 and 0.85 that
considers the wire surface imperfections.

Abob ¼ Nf � Scondku
ð13Þ

The term Abob is used for only half of the stator slot. In one slot, two such areas need to fit as
two phases sharing the same slot. Hence, the total slot area will be computed using Eq. (14).

Ac ¼ 1:1 � 2 � Abob ð14Þ

The term ‘1.1’ is added as a safety caution because there are other imperfections of the coils
that cannot be taken into calculation every time. Having these dimensions fixed, one can
compute the height of the coil using Eq. (15).

hcS ¼ round
Ac

bcS

� �
ð15Þ

Usually for simplifying the cutting process, round values are imposed. At this point, it is easy
to find the height of the stator pole (hpS), adding to the height of the coil the height of a
nonmagnetic displacer (hlim) used to fix the coil into the slot.
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hpS ¼ hcS þ hlim ð16Þ

At this point, having all the required dimensions, it is possible to compute the outer diameter
of the machine, for this project, to check if this does not exceed the imposed value.

DM ¼ Dg þ gþ 2 � hpS þ 2 � hjS ð17Þ

To be able to compute the resistance of one phase winding, it is necessary to know the wire
length function of the machine dimensions.

linf ¼ 2 �Nf � ðlS þ hjSÞ ð18Þ

Finally, the resistance is given by Eq. (19) considering the cross-section and the material
properties.

R ¼ ρCu �
linf
Scond

ð19Þ

2.1. Analytic calculation of losses and torque in SR machines

To calculate the efficiency of the newly designed SR machine, different methods for losses
approximation can be used [7, 10]. Preliminary, it is mandatory to compute the frequency of
the flux density variation in the magnetic core, both for the stator and the rotor.

f jS ¼
QS

2
� nN
60

f jR ¼ QR

2
� nN
60

ð20Þ

The specific losses in the machine’s core, computed for standard values measured for 50 Hz and
1 T are calculated using Eq. (21), where BjS and BjR are the stator and rotor yoke flux densities.

pFeS ¼ pFesp � BjS � f jS
pFeR ¼ pFesp � BjR � f jR

ð21Þ

To calculate the losses in the machine and function of its dimensions, one needs to compute the
weight of the assemblies of the core function of the used material’s properties.

GFejS ¼ π � D2
M

4
� DM

2
� h2jS

� �2
" #

� lS � ρFe

GFejR ¼ π � hjR þ dax
2

� �2 � dax
2

� �2h i
� lS � ρFe

GFepS ¼ QS � bpS � hpS � lS � ρFe

GFepR ¼ QR � bpR � hpR � lS � ρFe

ð22Þ

The losses in the winding have computed function of the internal resistance and the phase
current.
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Pj ¼ R � I2 ð23Þ

The mechanical losses are estimated approximately 0.5% of the machine’s output power.

PM ¼ 0:005 � P2N ð24Þ

Finally, the total losses of the machine will be the sum of the above calculated ones:

PT ¼ Pj þ PFe þ PM ð25Þ

Hence the efficiency will be

ηSRM ¼ Pout

Pout þ PT
ð26Þ

The developed torque can be used to compute function of the mmf created in the machine and
its main dimensions using Eq. (29).

TSRM ¼ 2 � ðNf � I2Þ �
Dg

2
� μ0 �

lS
2g

ð27Þ

The term 2g (twice the air-gap) in Eq. (29) stands because always two diametrically opposed
poles contribute to the torque development, hence, the air-gap length is considered double
along the flux path.

a)

b) c)

Figure 1. The resulted SRM dimensions: (a) the entire machine, (b) details of the stator and (c) details of the rotor.
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Starting from the requirements detailed at the beginning of the chapter and using the above
presented breviary, an SRM designed for light electric vehicle was obtained with the main
dimensions which are depicted in Figure 1.

To certify that the machine meets the requirements of developing at 80 A, a torque of 3.4 Nm at
3400 rpm, in finite element analysis (FEA) model was created in Cedrat Flux 2D software. The
current in the windings was handled using hysteresis controller referenced at 80 A as depicted
in Figure 2a. At rated current the mean torque reaches the value of 3.4 Nm, but, despite
attempts to reduce the torque ripple by design, these are still quite high. In such cases, the
SRM cannot be used for electric propulsion systems as those ripples create high noise and
vibration in the mechanical transmission and the car’s body itself.

3. Torque linearization control strategies for the SRM

The results shown in Figure 2 indicate that the operational skills of the SRM, but more, it is
also proved that the torque ripples are too high compared to the requirements of an electric
vehicle propulsion unit. The structure recorded a success up to an extent. However, the torque
ripples need to be further reduce to fit the machine in the EV requirements. For this purpose,
special control procedures are engaged, such as direct instantaneous torque control (DITC)
[11, 12] or current profiling based on torque sharing functions (TSF) [13].

Before detailing each of the above-mentioned methods, some requirements regarding their
implementation must be highlighted. Besides a good knowledge about the parameters of the
machine, of the power converter and of the controller’s sampling frequency, each of the two
methods is based on inserting into the control model look-up-tables (LUT). For DITC, the LUT
must contain information of the variation of the torque versus current and rotor position, as
depicted in Figure 3a. Usually the content of this LUT is fetched from the FEA model of the
machine. If the laboratory facility permits it, it is better to record this data from experimental
measurements. However, as its name mentions it, DITC is an instantaneous torque control;
hence, at each computation sample, the controller must have precise information of the torque
values. This information can be extracted from the LUT, knowing precisely the shaft position
and the measured phase current.

The second control strategy, the current profiling based on TSF, requires a reversed structure of
the LUT depicted in Figure 3a, having the variation of the current versus torque and rotor

a) b)
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Figure 2. The simulation results of the designed SRM: (a) the phase currents and (b) the developed torque.
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Figure 2. The simulation results of the designed SRM: (a) the phase currents and (b) the developed torque.
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position. The data can be obtained proceeding for a reversed interpolation of the torque versus
current and rotor position, with respect to the phase current. This LUT is depicted in Figure 3b.

3.1. Direct instantaneous torque control (DITC)

The DITC (see Figure 4a) method [14] invokes a procedure of torque smoothening based on
the control of instantaneous torque developed by the machine, using a hysteresis band. The
main advantage of this procedure is that it does not require any PI (proportional integral) or
PID (proportional integral derivate). The actual shape of the torque is regulated based on a
double-layered hysteresis band. The comparison of the torque with the hysteresis band returns
directly the gate signals for the power switches. As the torque is not measured directly from
the machine, but it is estimated from the LUT, the setup does not require an instantaneous
torque transducer which usually costs too much.

Practically, the DITC is implemented using two hysteresis bands, one larger than the other. The
controller divides these into three regions, two of them form the torque reference to the upper
and lower extremities and the main one is placed in the middle as depicted in Figure 4a.

During single phase conduction, the torque is regulated inside the limits of the main (inner)
band (as shown in Figure 4b). In Figure 4c, with blue the voltage of the outgoing phase is
depicted, while with red the voltage of the incoming one is represented. With the same colors,
in Figure 4d, with blue the torque of the outgoing phase is represented while with red the
torque of the incoming one is shown. The main involvement of the DITC is reflected during
phase commutation. During phase commutation, the torque is regulated by the incoming
phase, on one hand, to maintain it inside the inner hysteresis band, and on the other hand, by
the outgoing one that becomes energized just enough to increase the torque when it falls and
reaches the lower limit of the outer band. On increasing the torque, this will be re-established
inside the inner band. At this point, the current increases close to maximum value, hence the
torque tends to increase fast. To compensate this issue, the outgoing phase is again energized
but with negative voltage (Figure 4c) to force fast-fall of the torque to maintain it in the desired

a) b)

Figure 3. The look-up-table used for the DITC (a) and TSF (b).
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band. From the moment when the incoming phase is energized, despite the times when the
torque gets out of the inner hysteresis band, the outgoing phase is kept at zero voltage. Hence,
the phase torque is regulated precisely during phase commutation, as seen in Figure 4c, time
interval when usually the increased ripples appear.

3.2. Torque sharing functions (TSF)

Despite DITC, there are control methods that are more precise based on shaping the current
and by this, automatically modifying the torque profile to become close to the linear one. The
torque sharing function (TSF) is engaged mainly in the region of phase switching. The outgo-
ing and incoming phase currents are profiled based on specific functions in order to compen-
sate the ripples in the torque characteristic. One important issue that needs to be controlled for
this strategy is the overlap angle [15] that needs to be precisely 15 mechanical degrees θov:

θov ≤
θrot

2
� θoff ð28Þ

In Eq. (30), θrot denotes the period of the rotor and θoff the turn off angle; with θon the turn on
angle of the phase is denoted for all the following equations. A general rule for engaging the
TSF of the rotor position described in Eq. (31) is valid for all the following analysed
cases [16, 17]. As it can be seen there are five levels of the control based on the rotor position.
While the machine phase is in non-conducting region, the TSF is null. During the increase and
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decrease of the current, the slopes are described by functions finc(θ) and fdec(θ). If the region of
the phase is in full conduction (neither increase nor decrease of the current), the TSF becomes
equal with the reference torque. As it can be seen that the profile of the current is obtained
using the LUT data depicted in Figure 3b.

TSFðθÞ ¼

0 0 ≤θ ≤θon
f incðθÞ θon ≤θ ≤θon þ θov

Tref θon þ θov ≤θ ≤θoff
f decðθÞ θoff ≤θ ≤θoff þ θov
0 θoff þ θov ≤θ ≤θp

8>>>><
>>>>:

ð29Þ

In total, there are four different types of TSF named after the mathematical operator that
describes them: linear, sinusoidal, exponential and cubic.

The linear TSF refers to the fact that the instantaneous torque during phase commutation
follows a linear variation with the rotor position. The function that describes this variation is
detailed in Eq. (32) for the increasing and decreasing slopes.

f incðθÞ ¼
Tref

θov
ðθ� θonÞ

f decðθÞ ¼ Tref � Tref

θov
ðθ� θoffÞ

ð30Þ

It has to be noted that during phase commutation the incoming and outgoing phases of the
machine are both active.

Using sinusoidal TSF implies using functions with sinusoidal or co-sinusoidal evolution of the
TFS during phase commutation. The model that refers to such variations is detailed in Eq. (33).

f incðθÞ ¼ 0:5 � Tref � 0:5 � Tref cos
�
π=θov � ðθ� θonÞ

�

f decðθÞ ¼ 0:5 � Tref þ 0:5 � Tref cos
�
π=θov � ðθ� θoffÞ

� ð31Þ

In Ref. [11], the functions detailed in Eq. (33) are presented only function of the on and off
angles of the phase. Here, in order to improve the functionality, the overlap angle is also
introduced.

The third model, the exponential TSF, considers the on and off angles, the actual rotor position
and the overlap angle too, as detailed in Eq. (34).

f incðθÞ ¼ Tref 1� exp
�ðθ� θonÞ2

θov

 !" #

f decðθÞ ¼ Tref exp
�ðθ� θoffÞ2

θov

 !" # ð32Þ

Cubic TSF is the last involved method, described as third degree polynomial functions for
both increasing and decreasing slopes, as explained in Eq. (35).
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f incðθÞ ¼
3Tref

θ2
ov

ðθ� θonÞ2 � 2Tref

θ3
ov

ðθ� θonÞ3

f decðθÞ ¼ Tref � f incðθ� θoff þ θonÞ
ð33Þ

Plotting in Figure 5, all the four functions superimposed for comparison some important
remarks can be underlined.

As depicted in Figure 5a, the TSF for the cubic and sinusoidal evolutions nearly overlap and
for a better comparison in Figure 5b, a zoomed plot of the rising slopes of the functions is
depicted.

The exponential one has the largest deviation from the linear one, the latter being considered
for reference. Another important remark to be mentioned is that the machine’s geometry or its
parameters do not have an important significance over the effectiveness of the TSFs. Main
modifications regard changing the stator to rotor pole ratio. However, it is possible to invoke
optimization regarding the losses and the torque variation [17], together with the on and off
switching angles.

3.3. Testing the control strategies for torque linearization

As already stated, and depicted in Figure 2, the torque ripples of the SRMwith ‘natural‘ hysteresis
control strategy are too high to be used in EV propulsion systems [18]. However, applying the
control procedures detailed in Section 3.2, this drawback can be compensated to reach a torque
characteristic close to a linear one, comparable with the one of a permanent magnet synchronous
or induction machine. To test the control strategies, a Matlab/Simulink model was created for the
SRM based on a hybrid model based on equations and on data both fetched from the FEAmodel.
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In Figure 6a and b, the simulation results for the DITC are depicted for an imposed speed of
1000 rpm testing at 1 and 3 Nm. The phase currents and the phase torques provide information
of the contribution of each of them to the total electromechanical torque development. The
latter, as seen, reaches a quite linear characteristic, which is maintained inside the hysteresis
bands. One important mention that needs to be expressed is that for such simulation or real
control, the computation step time must be imposed to values that allow at least 5–10 steps
inside the hysteresis band. Another important issue is that the width of the bands automati-
cally increases the switching frequency of the transistors. Hence, a compromise between the
latter and the type of power switch used must be considered when sizing the bands.

Plotting the results for the linear TSF was accomplished in Figure 6c and d for the same conditions
as for the DITC. There are similarities between them; however, the results for the linear TSF are
smoother than those obtained with DITC. The variation of the phase torque during phase
switching is quite linear, as expected for this method. Both for the DITC and the linear TSF tests
were performed at low and rated torque to prove the operational skills in extreme conditions. As
Figure 6 shows that the expectations are reached in all the cases. Tests were performed ranging
the rotor speed from low to rated one and still the controller responded well, linearizing the
torque as expected.

The other three TSF strategies, the exponential, cubic and sinusoidal ones were tested for 1000
rpm at 3 Nm and are depicted in Figure 7. As seen, these too can linearize the shape of the
instantaneous torque.

However, the lowest ripple is yelled by the exponential TSF while for the cubic and sinusoidal,
during phase commutation there are some spikes that are visible in the plots. However, as

a) b)                                           c)                                      d)
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Figure 6. Simulated results for: (a) DITC @1 Nm, (b) DITC @ 3 Nm, (c) linear TSF @1 Nm and (d) linear TSF @3 Nm.
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global conclusion, the DITC and all the four TSFs can move the SRM from the point of high
torque ripples to the point where these are neutralized by obtaining a linear characteristic. By
this, the SRM becomes a candidate with serious advantages for the field of electric vehicle
propulsion systems, combining low costs, high efficiency, fault tolerance and linear torque,
over the entire range of speed and torque values.

4. Custom made SRM electronic converter architecture

In SRM-drive application, the 48 V input voltage seems to present some advantages in com-
parison with the 24 V systems. For application where the 48 V is not available, as for the
designed SRM, this section is presenting a possible solution regarding the electronics that can
enhance the performances of SRM in 24 V systems. One way to boost the input voltage by
means of a front-end converter is increasing the voltage up to 48 V. For this, numerous
electronic circuits can be implemented [19]. Usually, these converters are using an inductance
that can increase the size of the converter, but also its price.

In this section, based on a derived C-dump topology [20], a low-cost SRM electronic circuit is
presented which can add a boost voltage to a regular asymmetrical converter, increasing the
overall performances of the drive system. The present circuit is fed from a 24-V power supply, as
designed, and can perform in some situations like the classic SRM converter with 48 V input
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voltage. This is achieved, as depicted in Figure 8, by adding the transistor Q and the capacitor C
to a regular asymmetrical SRM drive. Moreover, the input diode D is needed for proper control
of the power flow. This diode is adding some losses to the circuit, but the auxiliary feature
obtained by adding protection in revered polarizations is an important characteristic for automo-
tive electronics. The auxiliary circuit is boosting the voltage across the capacitor C, by recovering
the energy from the motor during de-fluxing. The voltage across C can be higher than the input
voltage and this energy can be re-used to drive the motor when needed. Thus, with proper
control, the motor can be fed in this situation with a higher voltage then the input voltage. If the
voltage across C is regulated to a 48 V, the drive can act in some working modes like a 48-V drive
system.

The energy recovered from the motor is not high enough to fed the motor all the time, but if we
consider that the high voltage is strongly needed only in some particularly situations like the
beginning of the phase energizing, the stored energy in the capacitor C could be sufficient.

The circuit is presented in Figure 8, while Figure 9 highlights the main working modes for one
phase. In the first two figures (Figure 9a and b), the phase fluxing is presented, while Figure 9c
and d highlights de-fluxing possible working modes.

In the followings, two comparison situations will be presented to highlight the advantages
obtained by using the presented topology in correlation with the regular asymmetrical SRM
converter, applied on a 48-V SRM. In Figure 10 and 11, the instantaneous toque, the phase
current and the phase voltage are presented at 800 and 1000 rpm, for the analyzed converter
topologies.

This circuit is working with different voltage levels, thus the control of the T1 switch should be
correlated with the working speed. At low speed, the energy needed to obtained the 48 V
across the C is easily obtained, thus the excess energy is used during normal phase operation,
or correlated with special control algorithms that can be used for smoothing the torque ripple
at low speeds. At high speeds, the energy recovered in the capacitor C is just high enough for
full or partial first energising of the phase coil.

If the energy recovered in the capacitor C is managed in the right way, the drive converter can
act almost like a 48-V converter. This is boosting the performance of the drive system, by
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Figure 8. Proposed SRM boost converter.
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adding flexibility regarding the torque control, extend the working range and is expected to
add 3–5% on the system efficiency. Moreover, the presented converter topology can be used to
enhance the performances also in 12 V systems.

Comparing the results in Figure 10 and 11, a first remark regards the slope of the energized
coil. It can be observed that due to boosted voltage, the slope of the current is faster than in the
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Figure 9. Operation points for the investigated converter topology; one phase is considered; (a and b) phase energising; (c
and d) phase de-fluxing.
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Figure 10. Waveforms for the proposed converter (a) and regular asymmetrical SRM converter (b) at 1000 rpm.
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case of non-boosted one. On the other hand, if comparing the mean torque, developed by the
machine for all cases, at 1000 rpm this value reaches 3.36 Nm for the boosted case, instead of
3.18 Nm for the regular converter. For the second case of analysis, the mean torque in the case
of the modified converter yells for 3.65 Nm while for the regular one reaches only 3.55 Nm.

Implying such changes, one can express that with low cost modifications of a classical asym-
metrical converter structure, higher performances can be obtained. It is true that the gain is not
extremely high, but considering that the subject is dedicated to electric propulsion systems,
each step forward in increasing the autonomy of the vehicle is an addition to the actual
progress of science in this field of high interest nowadays.

5. Conclusions

The goal of the chapter is to offer a solution as a complete development tool for the reader to be
able to design an SRM, design an increased performance power converter for it and create smart
control strategies to reach linear torque characteristics as requirement for electric propulsions.
Combining analytical models of the design with finite element analysis-based validation can
reach in a properly design machine. Usually, a backtracking concept is engaged, performing
changes at the level of design and observe performance modifications during FEA simulations.
Once the machine fits in the designer’s expectations, adding an electronic power converter and
torque smoothening strategies becomes the second and third steps in the design of the system.

The issues detailed in the chapter points out that an SRM can be used easily in the field of electric
propulsion. Placing it in the list of serious candidates for the automotive industry, adds to the
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Figure 11. Waveforms for the proposed converter (a) and regular asymmetrical SRM converter (b) at 800 rpm.
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actual status of research focused on PMSMs or AC machines, with a low cost, robust and simple
solution. Comparing the SRMwith the above-mentioned machines, it can be stated that all need
precise rotor position measurement, performed by a resolver, all need power electronics and a
main electronic digital controller. However, the price of electronics nowadays decreased a lot due
to fast advance. Hence, the battle on financial level is now dictated by the architecture of the
machine, the materials used and the complexity of its geometry. Regarding the magnetic cores,
the windings, the use of permanent magnets, etc., a comparative analysis of the ac machines with
the SRM points strongly for higher costs and more complex manufacturing process.

Worldwide, there are already several companies that invest in development of SR machines for
propulsion systems, both for light and heavy electrical vehicles.
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Abstract

In this chapter, firstly, converter types of switched reluctance motor (SRM) are described.
Current control structure of SRM, which has six stator and four rotor poles, over an
asymmetric bridge converter, is also explained. While feeding SRM by an AC grid, grid
voltages have to be converted to DC voltage; to realize this conversion, in order to
obtain high power factor and sinusoidal grid current, power factor correction (PFC)
circuits must be used. In this study, an asymmetric bridge converter of SRM is fed by
three-phase PFC boost converter that consists of uncontrolled diode rectifier and DC-DC
boost converter with high frequency operation. PFC boost converter is controlled by
nonlinear control algorithm. By means of the simulations that are conducted by
MATLAB/Simulink, grid voltage and current, current harmonics of each phase, three-
phase currents of phases, flux, and current of SRM are presented. Simulation results
show that proposed SRM that is fed by three-phase PFC boost converter system gives
the desired performance, for both grid and SRM side.

Keywords: converter, PFC, current control, SRM

1. Introduction

Recently, using SRM has taken much attention because of improving semiconductor and micro-
processor technology. Furthermore, SRM has some advantages that are having concentric stator
winding and salient stator, rotor poles without any winding, and magnets. Besides, with respect
to induction motor drivers, SRM driver needs lesser switch. Another advantage of SRM is to
have constant torque characteristic. On the other hand, one of the important disadvantages of
SRM is torque ripple. But torque ripple can be improved with converter types.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



SRM is not operated by using only DC source. To drive SRM, converter topologies such as
asymmetric bridge, r dump, c dump are required. Furthermore, SRM converter needs DC power
to operate. This DC power can easily be obtained by using an AC grid that can be single- or
three-phase over rectifiers. However, if the AC grid is converted to DC by uncontrolled rectifiers,
grid current has harmonics and the power factor of AC grid decreases. To overcome these
problems, improved power quality converter that contains pulse width modulated (PWM)
rectifiers and power factor correction (PFC) circuits should be used.

In literature, there are so many publications about SRM that are related with construction,
operation, control, its converters, and obtaining a high power factor while feeding SRM.
Some of the publications are summarized as follows.

In Refs. [1, 2], fundamental information about control, design, operation, and converter types of
SRM is given. Converter and driver types for SRMare also expressed and compared [3, 4]. Studies
on control of SRM that are about speed, torque, and current control are implemented [5–9].
Control topologies, such as adaptive, fuzzy, sliding, and nonlinear are realized for SRM [10–12].

Some new applications of SRM that are battery chargers, water pumping systems, electrical
vehicles, and solar photo voltaic (PV)-powered drives are explained [13–16].

Krishnan and Lee [17] implement C dump converter with four-phase SRM, and Consoli et al.
[18] is for three-phase SRM that is fed by single-phase PFC boost converter, and they provide
higher power factor. Single-phase half-controlled PWM boost converter-based PFC converter
is used for feeding four phases of SRM that is driven by an asymmetric bridge converter as in
Ref. [19] in order to obtain high power factor, and it has DC-DC converter between PFC
converter and asymmetric bridge converter. Another application that obtains a high power
factor, with asymmetric bridge converter, is realized for four phases of SRM by using single-
phase PFC boost converter [20]. Reinert and Schroder [21] emphasize the need of PFC circuit
for SRM by pointing out single-phase boost PFC and asymmetric bridge converter. Single-
phase PFC boost converter is included with hysteresis current-controlled SRM drive [22], and
the same study with fuzzy tuned proportional-integral-derivative (PID) controller for PFC
converter is made in Ref. [23]. Rajesh and Singh [24] present SRM with midpoint converter
that is fed by Vienna rectifier for having higher power factor. SRM is also driven by midpoint
converter and fed by single-phase three-level rectifier as a PFC circuit [25]. To have reversible
power flow and regenerative specification [26], two different PFC converters that are active
power filters (APC) and three-phase voltage sourced converters (VSC) are implemented.
Power quality is improved by using Zeta converter [27] and canonical switching cell converter
[28] for midpoint converter-driven SRM.

In this chapter, converter types of SRM are described. Current control structure of SRM which
has six stator and four rotor poles, over asymmetric bridge converter, is also explained.
Furthermore, in this study, asymmetric bridge converter of SRM is fed by three-phase PFC
boost converter that consists of uncontrolled diode rectifier and DC-DC boost converter with
high frequency operation. PFC boost converter is controlled by nonlinear control algorithm. By
means of the simulations that are conducted by MATLAB/Simulink, grid voltage and current,
current harmonics of each phase, three-phase currents of phases, flux, and current of SRM are
presented. Simulation results show that proposed SRM that is fed by three-phase PFC boost
converter system gives the desired performance, both grid and SRM side.

Switched Reluctance Motor - Concept, Control and Applications80



SRM is not operated by using only DC source. To drive SRM, converter topologies such as
asymmetric bridge, r dump, c dump are required. Furthermore, SRM converter needs DC power
to operate. This DC power can easily be obtained by using an AC grid that can be single- or
three-phase over rectifiers. However, if the AC grid is converted to DC by uncontrolled rectifiers,
grid current has harmonics and the power factor of AC grid decreases. To overcome these
problems, improved power quality converter that contains pulse width modulated (PWM)
rectifiers and power factor correction (PFC) circuits should be used.

In literature, there are so many publications about SRM that are related with construction,
operation, control, its converters, and obtaining a high power factor while feeding SRM.
Some of the publications are summarized as follows.

In Refs. [1, 2], fundamental information about control, design, operation, and converter types of
SRM is given. Converter and driver types for SRMare also expressed and compared [3, 4]. Studies
on control of SRM that are about speed, torque, and current control are implemented [5–9].
Control topologies, such as adaptive, fuzzy, sliding, and nonlinear are realized for SRM [10–12].

Some new applications of SRM that are battery chargers, water pumping systems, electrical
vehicles, and solar photo voltaic (PV)-powered drives are explained [13–16].

Krishnan and Lee [17] implement C dump converter with four-phase SRM, and Consoli et al.
[18] is for three-phase SRM that is fed by single-phase PFC boost converter, and they provide
higher power factor. Single-phase half-controlled PWM boost converter-based PFC converter
is used for feeding four phases of SRM that is driven by an asymmetric bridge converter as in
Ref. [19] in order to obtain high power factor, and it has DC-DC converter between PFC
converter and asymmetric bridge converter. Another application that obtains a high power
factor, with asymmetric bridge converter, is realized for four phases of SRM by using single-
phase PFC boost converter [20]. Reinert and Schroder [21] emphasize the need of PFC circuit
for SRM by pointing out single-phase boost PFC and asymmetric bridge converter. Single-
phase PFC boost converter is included with hysteresis current-controlled SRM drive [22], and
the same study with fuzzy tuned proportional-integral-derivative (PID) controller for PFC
converter is made in Ref. [23]. Rajesh and Singh [24] present SRM with midpoint converter
that is fed by Vienna rectifier for having higher power factor. SRM is also driven by midpoint
converter and fed by single-phase three-level rectifier as a PFC circuit [25]. To have reversible
power flow and regenerative specification [26], two different PFC converters that are active
power filters (APC) and three-phase voltage sourced converters (VSC) are implemented.
Power quality is improved by using Zeta converter [27] and canonical switching cell converter
[28] for midpoint converter-driven SRM.

In this chapter, converter types of SRM are described. Current control structure of SRM which
has six stator and four rotor poles, over asymmetric bridge converter, is also explained.
Furthermore, in this study, asymmetric bridge converter of SRM is fed by three-phase PFC
boost converter that consists of uncontrolled diode rectifier and DC-DC boost converter with
high frequency operation. PFC boost converter is controlled by nonlinear control algorithm. By
means of the simulations that are conducted by MATLAB/Simulink, grid voltage and current,
current harmonics of each phase, three-phase currents of phases, flux, and current of SRM are
presented. Simulation results show that proposed SRM that is fed by three-phase PFC boost
converter system gives the desired performance, both grid and SRM side.

Switched Reluctance Motor - Concept, Control and Applications80

2. Converter types for SRM

SRM is not operated without using converter topologies. In literature, SRM converters are classi-
fied as shown in Figure 1 [1]. This classification is based on the switch number in converter
topology.

Some of the converter topology from each classification, that are two-stage power converters,
asymmetric bridges, R dump converter, and C dump converter, is expressed briefly as follows.

2.1. Two-stage converter

In a two-stage converter, power conversion is realized as bidirectional that is transferring
energy from SRM to grid and from grid to SRM. The block diagram of two-stage topology is
shown in Figure 2 [1]. In Figure 2, it has been shown that when the SRM is used as a generator,
prime mover is attached to SRM and inverter is used to obtain three-phase voltage for grid
integration. However, when the SRM is used as a motor, rectifier is used to feed SRM from the
three-phase grid and load is replaced with prime mover.

2.2. 1.5 switch/phase converter

1.5 q converter that is shown in Figure 3 [1] is just suitable for SRM that has even number of
phases. Energizing for each phase, 1.5 switch and diodes are required. The operation of 1.5
switch converter is described as follows. To energize phase a, S1 and S5 is turned on, while S3
and S6 is turned off. At that time, phase c current freewheels over D5. After that, for energizing
phase b, S2 and S6 have to be turned on when S5 has to be turned off and current of phase a
flows from S1 to D5. Then, phase c should be energized by turning on S3 and S5 while turning
off S6 and S1. Furthermore, phase b current flows from S2 to D6 and phase a current freewheels

Figure 1. The converter classification of SRM [1].
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over D1. At last, to energize phase d, S6 and S4 should be turned on after turning off S5 and S2.
Besides, phase c current flows from S3 to D5, while phase b current freewheels over D2.

2.3. R dump converter

R dump converter is shown in Figure 4. Operation of R dump converter can be summarized as
follows. After each power switch turns off, current passes through the diodes and charge C;
then, current flows through R and resets the energy in phase windings.

Due to the use of R for extinguishing energy of phase windings, energy is dissipated and
overall efficiency reduces.

2.4. C dump converter

Figure 5 shows a C dump converter. In C dump converter, energy recovery process is being
done by S4, D4, L, and C. Operation is briefly as follows: firstly the energy of phase windings is

Figure 2. A block diagram of a two-stage converter.

Figure 3. 1.5 switch/phase converter.
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stored on C and then by switching on S4, stored energy on C is sent to DC source or phase
windings over L and D [1, 29].

2.5. Asymmetric bridge converter

In asymmetric bridge converter that is shown in Figure 6, for each phase of SRM, there are two
power switches and two diodes.

The sample connection of switches and diodes to one phase of SRM is shown in Figure 7. It is
also seen from the same figure that SRM has six stator and four rotor poles. It is the same
structure as the study that is carried out in this chapter.

Figure 4. R dump converter of SRM.

Figure 5. C dump converter of SRM.

Current‐Controlled SRM Fed by Three‐Phase Boost PFC
http://dx.doi.org/10.5772/intechopen.69150

83



Basically, the definition of Figure 7 and the operation of asymmetric bridges are as follows:
windings are placed mutually on stator poles and they are connected in series to compose N
and S poles. After energizing phase one winding with S1 and S2 switches, current flows from
DC power supply to phase winding. When switches turn off, current flows through D1 and D2

diodes and negative voltage is applied to phase winding that causes decreasing of winding
current. So, energy turns back to power supply [30].

3. Current control of SRM

In literature, in order to control speed of SRM, current control of SRM has to be done as a first
stage that is seen in generalized speed control block diagram in Figure 8.

Furthermore, current control of SRM can be realized by hysteresis and PWM methods [30]. In
this chapter, PWM-based control is chosen as a current controller. In Figure 9, current control
block diagram is shown.

Figure 6. Asymmetric bridge converter of SRM.

Figure 7. Connection of an asymmetric bridge to SRM.
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In Figure 9, it is seen that, winding currents of SRM are measured and compared with the
reference current. After current comparison, current differences are sent to PI current controller
block. PI current controller block produces appropriate control signals with respect to turn-on
and turn-off angle of SRM's rotor position. Then, these signals are applied to PWM block in
order to obtain gating pulses of the asymmetric bridge converter. After applying pulses to
asymmetric bridge converter, SRM is driven [30].

4. Three-phase PFC boost converter

SRM can be fed after rectifying the AC grid. This rectification process can be done by using
wide variety of rectifiers that are conventional rectifiers and increased power factor corrected
converters. In Figure 10, all the converters that are in literature [31] are classified.

However, conventional rectifiers that use uncontrolled and controlled thyristors do not pro-
vide a high power factor and sinusoidal grid currents. So, with conventional topologies, AC
grid is not used efficiently. Therefore, in order to obtain high power factor and sinusoidal grid

Figure 8. A generalized speed control block diagram of SRM.

Figure 9. Current control block diagram of SRM.
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currents, increased power factor correction topologies (IPQC) are chosen. IPQC topologies can
also be classified with respect to the power flow as unipolar and bipolar topologies [31].

By using the bipolar topologies, SRM can also be operated as a motor and generator, or regener-
ative operation of SRM is provided. But bipolar topologies include many power switches. So, it
increases the cost of the converter. On the other hand, unipolar topologies include less power
switch and the cost can be minimized. Also, implementation of unipolar converters is not as
complex as bipolar converters.

In literature, some special properties of unipolar converters are generally called as PFC con-
verters [32]. Furthermore, PFC converters can be realized by using any DC-DC converter, such
as buck, boost, and buck-boost that are connected to the output of uncontrolled rectifier. This
rectifier can be single or three phase. By operating the switch of DC-DC converter with the
right control algorithm, a high power factor with sinusoidal grid current is obtained.

Figure 10. Classification of converters that can be used as front-end converter for SRM.

Figure 11. A three-phase PFC boost converter.
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In Figure 11, three-phase PFC boost converter that has six diodes and one power switch is shown.
It is seen in Figure 11 that three-phase PFC boost converter is connected to the grid over inductor-
capacitor-inductor (LCL) filter. In the LCL filter, series resistors to capacitors are connected in
order to provide damping, and series resistor is used to show internal resistors of inductances.

A mathematical model of three-phase PFC boost converter can be written in Eq. (1) by applying
Kirchhoff's current and voltage law with respect to the on and off position of the switch [32].

_iL
_Vdc

� �
¼ 0 ð�1þ dÞ=L

ð1� dÞ=C �1=RC

� �
iL
Vdc

� �
þ 1=L

0

� �
Vi ð1Þ

After applying nonlinear control method that is defined in Refs. [32–34], nonlinear controller
for three-phase PFC boost converter is obtained in order to regulate DC voltage of the asym-
metric bridge converter of SRM.

In Figure 12, nonlinear controller of three-phase PFC boost converter is shown as a block
diagram.

Nonlinear controller in Figure 12 needs to have reference current (Iref), measured voltage (Vdc),
and inductor current (IL). Furthermore, reference current (Iref) is produced by PI controller after
comparing the square of reference and measured voltage [35]. Then, nonlinear control law is
applied inside of nonlinear PFC controller block [30, 32]. After that, a new control variable (u) is
obtained. By means of the comparison between u and a saw tooth wave form that has 100-kHz
frequency in DC-PWM block, PWM pulse for power switch of PFC boost converter is acquired.
After applying this PWM pulse to switch, required DC voltage is obtained.

In Figure 13, nonlinear controlled three-phase PFC boost converter is shown.

Nonlinear PFC controller for three-phase PFC boost converter is realized by using the Eq. (2) as
in Refs. [30, 32–35].

u ¼ �KðVdc � VREFÞ CIL þ 1� Vdc

RIL
ð2Þ

5. Simulations

Current-controlled SRM that is fed by three-phase PFC boost converter is realized by simula-
tion. In this simulation, Matlab/Simulink is used as in Refs. [36, 37]. A block diagram of
simulation is shown in Figure 14.

Figure 12. A block diagram of nonlinear controller of PFC boost converter.
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In Figure 14, a three-phase AC grid is rectified by three-phase uncontrolled rectifier that
is connected to grid by LCL filter. Besides, to build PFC structure, a boost converter that is
operated with high switching frequency is added after the rectifier. PFC boost converter is
controlled by nonlinear control structure and uses the DC-PWM technique to produce PWM
pulse for power switch. Also, it is used to adjust the DC voltage of asymmetric bridge
converter that is connected to SRM phase windings.

Figure 13. A block diagram of nonlinear controlled three-phase PFC boost converter.

Figure 14. A block diagram of current-controlled SRM fed by three-phase PFC boost converter.
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In Figure 15, simulation circuit is shown. In this simulation, SRM current and flux are mea-
sured with reference changes. Also, three-phase current and their harmonics, single-phase
voltage, and current are shown. Furthermore, SRM is loaded with 10 Nm as a load.

The parameters that are used in simulations are given in Table 1.

In Figure 16, SRM current is shown. In that figure, it is understood that SRM current reference is
changed from 20 to 30 A at 0.5 s with maximum�5 A ripple, and current is controlled as desired.

In Figure 17, SRM flux is shown under reference change of SRM current. After current
reference increases, it is observed that flux increase as desired.

Figure 15. Simulation circuit of current-controlled SRM fed by three-phase PFC boost converter.

Passive components

LCL filter DC link

Ra1 (Ω) La1 (μH) Ra2 (Ω) La2 (H) Rs (Ω) Ca (F) RL (Ω) Cdc (μF)

2 0.1 0.01 0.003 0.15 0.0023 1000 2200

SRM

Poles Stator resistance (Ω) Inertia (kg.m) Friction (Nms) Current control PI

Stator 6 Rotor 4 0.05 0.05 0.02 Kp 5 Ki 10

Three-phase PFC boost controller

DC link Nonlinear controller

Kp Ki K (109)

1 10 1

f (sw) PFC boost 69 kHz Asymmetric bridge 9 kHz

Table 1. Parameters used in simulations.
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Figure 16. SRM current.

Figure 17. SRM flux.
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Figure 21. THDs of grid currents (Ia, Ib, Ic).
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SRM torque per phase is shown in Figure 18. When current command is changed at 0.5 s,
electromagnetic torque per phase of SRM is also changed.

Single-phase current and voltage are shown in Figure 19. It is observed that there is no phase
shift between phase current and voltage. So, power factor is said to be unity. Therefore, there is
no reactive power drawn from the grid.

In Figure 20 three-phase currents are shown. It is seen that three-phase currents are sinusoidal
and balanced.

Total harmonic distortion (THD)'s of three phase currents are shown in Figure 21. It is seen
that THDs are 0.02, 0.01, and 0.01% for each phase, respectively. It can be understood by
Figures 19–21 that three-phase PFC boost converter operates as desired by providing DC
power to SRM, lower THDs on grid current, and unity power factor.

6. Conclusion

In this chapter, firstly, SRM converter types that are commonly used such as asymmetric
bridge, R dump, and C dump are expressed. Then, in order to supply DC power to SRM,
rectifiers in literature are classified and three-phase PFC boost converter is chosen as a rectifier.

Furthermore, current-controlled SRM that is driven by using asymmetric bridge converter is
realized while feeding SRM with three-phase PFC boost converter. Three-phase PFC boost
converter is also controlled by a nonlinear method. This application is conducted over simula-
tion which is realized with MATLAB/Simulink. By means of the simulation results, THDs of
grid currents are obtained as 0.02, 0.01, and 0.01% for each phase, respectively. Also, grid
voltage and grid currents are in the same phase so unity power factor is obtained. As a result,
SRM current is controlled as desired as well.
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Abstract

Because of the ever-increasing concerns on the energy utilization and environmental
protection, the development of hybrid electric vehicles (HEVs) has become a hot research
topic. As the major part of HEV technologies, the electric motor drives have to offer high
efficiency, high power density, high controllability, wide-speed operating range, and main-
tenance-free operation. In particular, the switched reluctance (SR) motor drive can achieve
most of these goals; therefore, this motor type has drawn much attention in the past. This
chapter aims to serve as an overview of the latest developments of the SR motor drive,
purposely for HEV applications. To be specific, the discussions on motor structures for
torque density enhancement and torque ripple minimization are covered.

Keywords: electric vehicle, hybrid electric vehicle, motor drive, switched reluctance,
torque density enhancement, torque ripple minimization

1. Introduction

With ever-enhancing concerns on energy crisis and environmental pollution, as one of the most
promising solutions, the development of electric vehicles (EVs) has been speeding up in recent
years [1, 2]. However, the traditional EVs are powered by battery as the sole energy source, so that
this particular EV type can only provide support for short-duration trips and is not favourable for
typical daily drivers [3, 4]. To extend the normal driving range and to relieve the problem, the
hybrid electric vehicle (HEV), which incorporates an additional internal combustion engine (ICE)
as the supplementary source, has drawn extensive attention in return [5].

As the major component for the HEV systems, the electric motor drives have to fulfil several
criteria [6, 7], including

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



• high efficiency,

• high power and torque densities,

• high controllability,

• wide-speed operating range,

• maintenance-free operation,

• high reliability and robustness,

• high cost-effectiveness.

Since the interior permanent-magnet (IPM) motor drives can achieve most of the desired goals,
these types of motor drives have been widely adopted in some famous HEV systems, such as
Toyota Prius HEV [8]. Even though the IPM motor drive can offer very desirable power and
torque performances for HEV applications, it suffers from the problem of high PM material
costs and uncontrollable PM flux densities [9, 10]. Hence, the magnetless switched reluctance
(SR) motor drives, which offer satisfactory cost-effectiveness and desirable flux controllability,
have become more popular recently [11, 12].

The purpose of this chapter is to serve as an overview of the latest SR motor developments in
HEVapplications. The current and upcoming design philosophies of the SR motor drives will be
discussed. In addition, quantitative comparisons among the latest designs will also be covered.

2. Hybrid electric vehicle architecture

The fundamental HEV can be defined as the vehicle system that consists of two or more power
sources, while there are numerous combinations available in the domestic market. Nowadays,
the most common HEV architecture includes the electric motor drive and the ICE. In general,
the typical HEV system can be classified into two major groups, namely, the series HEV and
the parallel HEV, as shown in Figures 1 and 2, respectively.

In the series HEV system, the HEV is powered solely by the electric motor drive, while the
motor drive can be supplied either from the battery or from ICE-driven generator unit, or even
both [3]. On the other hand, in the parallel HEV system, the HEV can be powered by either the
electric motor drives or ICE, or by both simultaneously.

In both the series and parallel HEV systems, the battery can be recharged by the ICE during
normal operation, so that the battery capacity as well as the battery size can be greatly
reduced, as compared with the EV systems. Similar to the EV system, the HEV systems can
also offer the regenerative braking operation, such that the battery can be recharged by the
electric motor drives when the HEVundergoes braking conditions. As a result, the overall fuel
efficiency can be greatly improved, as compared with the standard ICE vehicles.

Since the series HEV relies solely on the motor drive to power the HEV itself, the motor drive is
relatively larger and more expensive, as compared with those employed in the parallel HEV
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sources, while there are numerous combinations available in the domestic market. Nowadays,
the most common HEV architecture includes the electric motor drive and the ICE. In general,
the typical HEV system can be classified into two major groups, namely, the series HEV and
the parallel HEV, as shown in Figures 1 and 2, respectively.

In the series HEV system, the HEV is powered solely by the electric motor drive, while the
motor drive can be supplied either from the battery or from ICE-driven generator unit, or even
both [3]. On the other hand, in the parallel HEV system, the HEV can be powered by either the
electric motor drives or ICE, or by both simultaneously.

In both the series and parallel HEV systems, the battery can be recharged by the ICE during
normal operation, so that the battery capacity as well as the battery size can be greatly
reduced, as compared with the EV systems. Similar to the EV system, the HEV systems can
also offer the regenerative braking operation, such that the battery can be recharged by the
electric motor drives when the HEVundergoes braking conditions. As a result, the overall fuel
efficiency can be greatly improved, as compared with the standard ICE vehicles.

Since the series HEV relies solely on the motor drive to power the HEV itself, the motor drive is
relatively larger and more expensive, as compared with those employed in the parallel HEV
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counterparts. On the other hand, the parallel HEV needs not to be powered barely from electric
motor drives, so that the motor sizing can be reduced. By taking all the criteria into consider-
ation, the series HEV is generally favourable for specialist applications, while the parallel HEV
for broad applications.

3. Switched reluctance motor drives

With the definite advantages of low material cost, robust structure, mature converter topology,
high efficiency, satisfactory power and torque densities, and simple control algorithm, the SR
motor drives have been considered as a promising candidate for HEV applications. Without
any installation of PM material or winding on its rotor, the SR motor drives enjoy the higher

Figure 2. Parallel hybrid electric vehicle system.

Figure 1. Series hybrid electric vehicle system.
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cost-effectiveness and wide-speed operation range, as compared with its counterparts. To be
specific, unlike the induction and PMmotor drives, SR motor drives can relieve the mechanical
problems caused by the centripetal forces at high-speed operation.

The SR motor drives consist of the simple structure, while its design philosophies require
sophisticated analysis and researches. Because of the inherited doubly salient topology, the
SR motor drives result in nonlinear inductance value, high saturation in pole tips, and severe
fringing effect among the poles. All these characteristics increase the design difficulty when the
magnetic circuit approach is employed. In general, the finite element method (FEM) is known
as the most accurate and convenient tool to analyse the SR motor drives [7]. In this chapter, the
commercial FEM software, JMAG-Designer, is adopted for the motor performance analysis.
Upon the employment of the FEM-based electromagnetic analysis, the key parameters and
performances of the SR motor drives can be provided.

3.1. Stator and rotor pole arrangement

To operate the SR motor drives properly, its stator and rotor poles must obey certain specific
regulations. To be specific, the stator and rotor poles should be equally distributed among the
circumferences, so that the pole arrangement is governed as

Ns ¼ 2mk
Nr ¼ Ns � 2k

�
ð1Þ

where Ns is the number of stator poles, Nr is the number of rotor poles, m is the number of
phases and k is a positive integer. The fundamental pole combination of the SR motor drives is
shown in Table 1.

To minimize the switching frequency as well as the core losses, the stator poles are generally
chosen to be larger than the rotor poles, i.e. Ns > Nr in Eq. (1). A typical example of a three-
phase 6/4-pole SR motor drive is shown in Figure 3. By taking the reliability and cost-effec-
tiveness into consideration, the three-phase and four-phase SR motor drives are the equally
common candidates employed in the domestic markets. The three-phase SR motor drive takes
the definite advantage of a larger winding slot area, as compared with the four-phase counter-
part. However, with the inherited larger dead zones, the three-phase SR motor drive suffers

m k Ns Nr Nr

3 1 6 8 4

4 1 8 10 6

5 1 10 12 8

3 2 12 16 8

4 2 16 20 12

Table 1. Fundamental pole combinations of switched reluctance motor drives.
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from a larger torque ripple problem. The torque pulsation can be relieved based on the larger
number of poles per phase structure, i.e. the three-phase 12/8-pole structure.

3.2. Operating principle

Since the SR motor drives consist of the doubly salient structure, its reluctance of the magnetic
flux path varies along the stator-rotor position. The torque can then be produced based on the
‘minimum reluctance’ rule, i.e. the rotor pole has the tendency to align with the excited stator
pole such that the reluctance of the magnetic flux can be minimized.

The operating principle and the theoretical waveform are shown in Figure 4. To produce a
positive electromagnetic torque T, the armature current i should be injected when the self-
inductance L is increasing. The torque production can be described as

T ¼ 1
2
i2
dL
dθ

ð2Þ

The operating speed n of the SR motor drives is governed by the number of rotor poles Nr and
the operating frequency f as

n ¼ 60f
Nr

ð3Þ

In general, the larger the number of rotor poles, the lower the operating speed in the given
operating frequency. Therefore, the SR motor drives with a larger number of rotor poles, e.g.
the three-phase 12/8-pole and the four-phase 16/12-pole structures, are more preferable for
low-speed applications, such as the direct-drive HEV system.

Figure 3. Three-phase 6/4-pole switched reluctance motor.

Switched Reluctance Motor Drives for Hybrid Electric Vehicles
http://dx.doi.org/10.5772/intechopen.68911

101



4. Torque density enhancement

4.1. Double-stator structure

As one of the most important criteria for HEV applications, the enhancement of torque density
for SR motor drives has become a hot research area. Similar to other commonly employed
motor drives, the conventional SR motor drives generally adopt the outer-stator and inner-
rotor structure in most occasions. With this traditional topology, the inner spacing of the motor
drives is heavily wasted. To improve the situation and to utilize the inner spacing for torque
production, the double-stator (DS) topology has been developed [13].

In general cases, the outer and inner segments of the DS motor drives are duplicated, so that
both of them employ the same pole arrangement. Since the outer and inner segments are
symmetric, the outer and inner armature windings can be connected in series to simplify the
operating algorithm. An example of the three-phase 6/4-pole DS-SR motor drive is shown in
Figure 5. Upon this design, both the outer and inner stators can transfer power to the rotor
simultaneously, so that the torque density of the DR motor drives can be greatly improved, as
compared with the single-stator counterparts. Because of the additional stator construction,
the DS motor drives suffer from higher manufacturing complexity. Yet, the SR motor drives are
free from PMmaterial installations, so that the corresponding manufacturing processes are still
acceptable and feasible in practical situations.

4.2. Performance analysis of double-stator structure

Based on Eq. (1), the three-phase 12/8-pole single-stator SR motor drive and the three-phase
12/8-pole DS-SR motor drive are designed and are shown in Figures 6 and 7, respectively. The
three-phase single-stator SR motor consists of the outer-stator and inner-rotor structure, while
the three-phase DS-SR motor consists of the dual-stator sandwiched rotor structure. The outer
and inner segments of the DS-SR motor are purposely designed with the symmetrical pattern,
such that the armature coils can be connected in series. The proposed SR motor drives are
designed based on the specification of the typical HEV applications [14], while the key design
data are listed in Table 2.

Figure 4. Theoretical operating waveform.
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To offer a fair comparison, all the key parameters, namely the outer-stator outside diameter,
airgap length, stack length, and slot fill factor are set equal. In the meantime, the motor drives
are purposely optimized to avoid the magnetic saturation, such that the corresponding core
losses can be minimized.

The magnetic field distributions of the SR motor and the DS-SR motor are shown in
Figures 8 and 9, respectively. As shown, the field distribution of the two proposed motors
is well balanced with no obvious saturations. The results somehow give the evidence that
the proposed motors are optimized after the iterative approach, in a way their power losses
can be minimized. Since the DS-SR motor consists of a symmetrical structure between the
outer and the inner segments, the magnetic field distributions between the two segments
are also symmetrical.

Figure 6. Three-phase 12/8-pole single-stator switched reluctance motor.

Figure 5. Three-phase 6/4-pole double-stator switched reluctance motor.
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The airgap flux density of the SR motor, the outer airgap density and the inner-airgap density of
the DS-SR motor are shown in Figures 10–12, respectively. Since the outer and inner segments of
the DS-SR motor are symmetrical, as expected, its outer and inner airgaps are symmetrical in
nature. In the meantime, not surprisingly, the single stator and DS-SR motor share the same flux
patterns because both of them share the same motor structure and operating principle.

Item SR DS-SR MO-DS-SR

Number of stator pole 12 12 12

Number of rotor pole 8 8 8

Outside-stator outside diameter 269 mm 269 mm 269 mm

Outside-stator inside diameter 161 mm 161 mm 161 mm

Rotor outside diameter 160 mm 160 mm 160 mm

Rotor inside diameter 100 mm 121 mm 121 mm

Inside-stator outside diameter N/A 120 mm 120 mm

Inside-stator inside diameter N/A 40 mm 40 mm

Airgap length 0.5 mm 0.5 mm 0.5 mm

Stack length 135 mm 135 mm 135 mm

Slot fill factor 55% 55% 55%

Number of phase 3 3 3

Number of outer armature turn 50 50 50

Number of inner armature turn N/A 18 18

Mechanical offset 0� 0� 60�

Table 2. Key design data of proposed motor drives.

Figure 7. Three-phase 12/8-pole double-stator switched reluctance motor.
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The torque capabilities of the SR motor and the DS-SR motor are given in Figures 13 and 14,
respectively. The motor drives are conducted with various armature currents from 50 to 200 Å
with a step of 50 Å. The torque capabilities of both motors follow the description from Eq. (2),

Figure 8. Magnetic field distribution of the switched reluctance motor.

Figure 9. Magnetic field distribution of the double-stator switched reluctance motor.
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Figure 10. Airgap flux density of the switched reluctance motor.

Figure 11. Outer-airgap flux density of the double-stator switched reluctance motor.

Figure 12. Inner-airgap flux density of the double-stator switched reluctance motor.
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Figure 12. Inner-airgap flux density of the double-stator switched reluctance motor.
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Figure 13. Torque capabilities of the switched reluctance motor.

Figure 14. Torque capabilities of the double-stator switched reluctance motor.

Figure 15. Steady torque waveform of the switched reluctance motor.
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such that it can be confirmed that the proposed motors consist of a minimized magnetic
saturation problem. In addition, it can also be confirmed that with the DS structure, the DS-SR
motor can produce higher torque capability than its single-stator counterpart.

The steady output torques of the SR and the DS-SR motors are given in Figures 15 and 16,
respectively. As shown, the average torque of the SR motor is about 178 Nm, while of the
DS-SR motor is 242 Nm. The torque enhancement from the DS structure can be up to 36%. The
performance comparisons between the two proposed motors, namely, the single-stator SR
motor and the DS-SR motor are summarized in Table 3.

5. Torque ripple minimization

5.1. Mechanical-offset structure

The DS structures can definitely improve the torque densities, while the torque ripple value,
another key criterion to determine the torque performance, should also be discussed. The torque
vibration in the SR motor drives can be explained from the torque production processes, i.e. the

Figure 16. Steady torque waveform of the double-stator switched reluctance motor.

Item SR DS-SR

Rated power 22 kW 30 kW

Base speed 1200 rpm 1200 rpm

Outer-airgap flux density 1.9 T 1.6 T

Inner-airgap flux density N/A 1.6 T

Rated torque 178 Nm 242 Nm

Torque enhancement N/A 36%

Table 3. Performance comparisons between the torque density enhancement structures.
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torque pulsation generated by the commutation between different phases. To quantitatively
analyse the torque ripple performance, the torque ripple factor KT is widely employed as

KT ¼ Tmax � Tmin

Tavg
� 100% ð4Þ

where Tmax, Tmin, and Tavg are the maximum, minimu and average torque produced, respectively.

According to Eq. (4), the torque pulsation value is inversely related to the average torque
value, so that mathematically the torque ripple can be reduced upon the increase of average
torque. As aforementioned, the conventional DS motor drives generally employ the symmet-
rical structure between the outer and inner segments, such that the outer and inner rotor teeth
are aligned with each other. Upon this arrangement, the local maxima and local minima of the
torque ripples from the outer and inner segments are unfavourably integrated, such that the
increased torque level can barely benefit the torque ripple value.

On the other hand, the mechanical-offset (MO) structure, which purposely mismatches the
outer and inner rotor teeth with a conjugated angle to each other, can greatly improve the
torque pulsation problem [15]. Upon the MO structure, the local torque ripple maxima and
local minima from the outer and inner segments are favourably offset with each other, such
that the torque ripple problem can be relieved.

5.2. Conduction algorithm for conventional double-stator motor drive

As described in Section 3.2, to produce an electromagnetic torque, a unipolar rectangular
armature current should be injected in accordance with the status of the self-inductance with
conduction angle θc ¼ θ2 � θ1, as further elaborated in Figure 17. Since the conventional DS
motor drive employs the symmetrical structure between its outer and inner segments, the
armature windings in the outer and inner stators of the conventional DS motor drive are
connected in series. Consequently, to operate the motor drive properly, the armature currents
in both stators are identical as

Figure 17. Operating principle for switched reluctance motor.
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ik ¼ Imax θ1 ≤θ ≤θ2
ik ¼ 0 0 < θ < θ1, θ2 < θ < 2π for k ¼ 1, 2

�
ð5Þ

where i1 and i2 are the armature windings in the outer and inner stators, respectively. Using
this conduction algorithm, as shown in Figure 18, the power from both stators can be trans-
ferred to the rotor simultaneously, so that the torque density of the DS motor can be boosted.
However, the local maxima and local minima of the two individual torque components are
unfavourably integrated with each other. As a result, the torque ripple value remains the same,
as compared with the single-stator counterpart.

5.3. Conduction algorithm for mechanical-offset motor drive

As described in Eq. (2), the average torque magnitude is governed by the relative position
between the stator and rotor teeth. Consequently, the local maxima and local minima of the
torque ripple are also governed by the relative position between the stator and rotor teeth.
Upon the MO structure, the outer and inner rotor teeth of the SR motor drive are artfully
mismatched with a conjugated electrical angle of θm ¼ π/m, as shown in Figure 19. Since the
outer and inner rotor teeth no longer align with each other, the armature currents in the two
stators should be operated separately. To be specific, either one set of the armature winding
should be injected with current described in Eq. (5), while the other set as follows

i1 or 2 ¼ Imax θ1 þ θm ≤θ ≤θ2 þ θm
i1 or 2 ¼ 0 θm < θ < θ1 þ θm, θ2 þ θm < θ < 2πþ θm

�
ð6Þ

Upon this conduction scheme, the local maxima and local minima of the torque ripples are
artfully offset with each other, so that the torque pulsations generated by the two torque
components can be favourably compensated. As a result, the smoother resultant torque, as
compared with those produced by the conventional DS motor drives, can be generated.

Figure 18. Operating principle for conventional double-stator switched reluctance motor.
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Figure 18. Operating principle for conventional double-stator switched reluctance motor.
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5.4. Torque characteristics of the mechanical-offset motor drive

Since the two torque components of the MO motor drive are integrated with each other, in
principle, its resultant torque level should not be affected. Therefore, the MO motor drive
should be able to produce the same torque level, as compared with the conventional DS
counterpart. To offer a better torque ripple minimization effect, the magnitudes between the
two torque components should be adjusted to similar levels. This can be handled by modifying
the design of the motor dimensions, i.e. the electric loadings between the outer and inner
segments, which are out of scope of this chapter.

Unlike the DS motor drives that align the local torque ripple maxima and local minima
together, the MO motor drive purposely mismatches these torque ripples. As a result, the local
maxima and local minima are spread according to the conjugated position, such that the
pulsating frequency is double, as compared with the DS counterpart.

5.5. Performance analysis of mechanical-offset structure

Based on Eq. (1), the three-phase 12/8-pole MO-DS-SR motor drive is designed and shown in
Figure 20. To offer a fair comparison, the MO-DS-SR motor is purposely designed based on the
same conditions in Section 4.2. Both the DS-SR motor and the MO-DS-SR motor share the same
motor structure, while the major distinction comes from the rotor alignments, i.e. the outer and
inner rotor teeth of the DS-SR motor align with each other, while those of the MO-DS-SR motor
are purposely mismatched with a conjugated angle. The key design data of the MO-DS-SR
motor are listed in Table 2.

The steady torques of the DS-SRmotor and the MO-DS-SRmotor are shown in Figures 21 and 22,
respectively. The average rated torque of the outer-stator, the inner-stator, and both stators of the
DS-SRmotor are 178, 68, and 242Nm, respectively,while those of theMO-DS-SRmotor are 178, 68,
and 239 Nm, respectively. It can be confirmed that the two torque components of the MO-DS-SR

Figure 19. Operating principle for mechanical-offset double-stator switched reluctance motor.
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motor are seamlessly integrated with each other, so that the same torque level, as compared with
the DS-SR counterpart, can be produced. With the MO structure, the local torque ripple maxima
and localminima are favourably offset with each other, so that theMO-DS-SRmotor can reduce its

Figure 20. Three-phase 12/8-pole mechanical-offset double-stator switched reluctance motor.

Figure 21. Steady torque waveforms of the conventional double-stator switched reluctance motor.

Figure 22. Steady torque waveforms of the mechanical-offset double-stator switched reluctance motor.
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torque ripple value to 81%, as comparedwith those of 124% in the DS-SRmotor. The performance
comparisons among the two proposed motors, namely, the DS-SR motor and the MO-DS-SR
motor are summarized inTable 4.

6. Conclusion

In this chapter, the design criteria, principles of operation, and the key performances of the SR
motor drives are carefully discussed and quantitatively compared, based on the fair condi-
tions. To be specific, the torque density enhancement structure, namely the DS structure, and
the torque ripple minimization structure, namely the MO structure, are included. This chapter
provides the latest research trend on SR motor drives for HEV applications, such that it can
serve as the blueprint and start-up manual for the potential readers to develop the research
interests in this particular area.
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