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Chapter 1

Introduction

1.1 Main objectives of the thesis

T. Lipo has proposed an interesting analogy to the variable speed drives (VSD) in-
dustry [54]. It is the concept of a partially finished structure illustrated in Fig.1.1a.
The ”walls” of the ”house” encompass four major sectors of commerce: Industry Ap-
plications, Defense and Aerospace, Commercial, and Traction and Automotive. The
”foundation” corresponds to Domestic Applications, while the ”roof” corresponds
to very high power Utility Applications. Hence, the power level of the application
increases as we move from the bottom of the structure to its top. We can obviously
state that when we complete the entire structure we will address the whole applica-
tion field which would benefit from power electronics and variable speed drives.
Today, the work is still in progress (Fig.1.1b). According to Lipo’s forecast, rein-

forcing the walls, finishing the high power roof and laying the low power foundation
may take forty years. So, we have a lot to do, with great challenges and rewards
lying ahead of us. The present thesis will focus on industrial applications of VSDs:
accepting the proposed analogy, the objective of this thesis is to reinforce the ”wall”
of Industrial Applications.
During the past eighty years or so, we have seen a tremendous growth in the use

of electric machines in the industrial world. The principal workhorse of this motor
industry has been the three-phase induction motor; also the DC shunt motor was a
significant ”prime mover”. Nowadays, AC drives ranging from 1 kW to 1 MW have
become the dominant technology in nearly all sectors of the industrial market largely
supplanting DC drives. Design sophistication of the AC drives has reached the level
where, in lower power ranges, the drives, produced by different manufacturers, are
nearly identical.
On the whole, the ”wall” of the ”house”, corresponding to Industrial Applica-

tions, can be described as having a very firm, solid structure, although some ”cracks”
(Fig.1.1b) have appeared recently as a result of bearing current, dV/dt-based wind-
ing failures and electromagnetic interference caused by turning off inverter switches.
These problems can, however, be surmounted by using special filters, emission-proof
design of the converter frame, proper cabling and by applying special control algo-
rithms. More profound problems are connected with the features of the induction
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Figure 1.1: Complete VSD ”house” (a) and today’s VSD ”house” (b).

motor. This motor has excellent reputation, but one should not forget that commonly
quoted advantages of induction motors, such as low manufacturing and maintenance
cost and high reliability, are valid only in comparison with DC motors, which are now
replaced by converter-fed induction motors in applications with adjustable speed. In
fact, when we look at the efficiency of induction motors in the low power range,
the value of 80% is typical for motors of different manufacturers. Most failures in
induction motors (60-70%) occur in the windings, and this can be explained by their
complex structure and long end-parts. The rotor bars are another critical issue.
Finally, manufacturing of induction motors is not so simple.
Several types of electrical drives are regarded as being capable to partly replace

induction and DC motors in the future. Among these drive types switched reluctance
drives (SRD) are thought to be the most promising. Numerous comparative inves-
tigations of SRD performances versus induction motor drives and other drive types
were performed [11], [38], [42], [45], [52], [53], [55] with the conclusions generally in
favor of the SRD, though such drawbacks of the SR technology as higher acoustic
noise and torque ripples were recognized.
SRDs are intensively discussed since the early 1970s. During the first years, the

principal obstacle for fast commercialization of SRDs was the fact that few engineers
were trained to perform calculations for the specialized design this technology re-
quired; moreover, there were no cost effective components available. In the 1980s,
a number of successful applications appeared, and the SRDs filled some niches on
the VSD market. In the 1990s, a widespread commercial use of SRD was waited for,
but due to great strides made in competing technologies (development of permanent-
magnet materials, many detailed improvements in induction motors and frequency
converters) SRDs remained ”emerging and promising” as they used to be in the 1970s
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Figure 1.2: Example of integrated drive - ”ACS-160” manufactured by ABB.

and 1980s.
Some scientists are quite conservative about the rapid acceptance of the SRD tech-

nology for the industrial market [10], [39], [66]. For example, T.J.E. Miller supposes
[66] that probably future successful applications of a SRD will follow the pattern of
those already established: a highly engineering specialty drive whose development
cost must be ensued by the application, and whose unique features render it the best
choice.
But there exists another way to penetrate the market occupied by AC and DC

drives: to create a novel ”drives family” destined for a wide market sector. A can-
didate to establish such a ”family” is an integrated drive (machine integrated with
converter) based on the SRD technology and destined for industrial applications up
to 7.5 kW. An integrated drive (Fig.1.2) is a perspective concept by itself, but uniting
this concept with the SRD technology can provide a double effect, eliminating SRD
disadvantages (multiple wires between motor and converter) and giving the integrated
drive the inherent reliability, ruggedness, low cost and some unique performances of
the SR motor.
The main objective of this thesis has been chosen with regard to the industrial

need for drives with improved performances, some inherent advantages of SRDs over
traditional AC and DC drives, perspectives of integrated drives and the emerging
chance of breakthrough with the help of the SRD technology. The objective is to
perform a preliminary design of a series of integrated SR drives (I-SRD) for industrial
applications. And so, one of the main questions the thesis should answer, is whether
I-SRD can be a competitive alternative to the existing integrated drives (induction
motors coupled with frequency converters).
What is necessary to develop a successful SRD is a combination of intensive

computation including electromagnetic, thermal, mechanical, and electronic design,
then, a significant phase of laboratory testing and, finally, a suitable investment in
tooling. The thesis deals with the first stage: computations based on the models
proved in the laboratory. The building of the new series of I-SRD, final testing
and investments in tooling, marketing and so forth - make the business of big drive
companies.
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The design of a SRD requires the abandonment of traditional thinking about sine
waves, space vectors, field orientation, etc; instead, one must work with computed
numerical data the structure of which is not easily discernible. Therefore, special
methods, algorithms and software for modeling and design of a SRD are required.
Hence, the primary task to be solved in the thesis is to create the methods, algorithms
and software with the help of the theory of a SRD developed by many scientists and
researchers during the last thirty years.

1.2 Organization of the thesis

The thesis is divided into nine chapters and four appendices, of which the first chapter
is this introduction.
In the introduction historical background, present status and perspectives of SRDs

as well as their principles of operation, possible configurations and interesting appli-
cations are discussed. Another purpose of the introduction is to discuss prospects of
the integrated drives. It is proved that integration of motor and converter is a logical
stage of natural evolution of low-power variable-speed drives. It is also shown that
a SRD above other drive types wins from the integration. Finally, possible applica-
tions of an I-SRD in the industry are investigated and conclusions about the required
performances of this new drives family are drawn.
The purpose of chapter 2 is to present the design approach proposed in the the-

sis. At first, the traditional approach to design variable speed drives is compared to
the modern approach called ”virtual prototyping”. Then, the approach used in the
thesis, based on this virtual prototyping concept, is described in details. It is stated
that new products have to be developed according to their applications, which de-
termine objective functions and constraints, and that the best possible design should
be found as a solution of mathematical synthesis/optimization. As two key-stones
the concepts of multidisciplinary and multilevel modeling are presented. The first
one implies that electromagnetic, thermal and mechanical (vibro-acoustic) processes
should be modeled together in separated but interconnected models. The second con-
cept implies that various components of a drive (machine, converter, control, load)
have to be modeled using different methods (block-diagrams, circuit-diagrams, mod-
eling language, etc), i.e. ”on different levels” but in one united model. At the end of
chapter 2 several examples of multilevel and reduced (incomplete multilevel) models
of a SRD created by different authors are presented.
The core of the synthesis process is a mathematical model of the drive. Modeling

the drive’s behavior and obtaining its characteristics are discussed in chapters 3 to
6.
Mathematical modeling of the electromagnetic processes in SRDs is considered

in chapter 3. At first, several methods for simulation of electromagnetic processes
in switched reluctance machines (SRM) are analyzed, taking into consideration ac-
curacy and computational time, in order to determine the ones best suited for the
purposes of analysis and synthesis. It is decided that two different models should be
elaborated: the one which has high accuracy but low computational speed for the
analysis purposes, and the other which has satisfactory accuracy and high computa-
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tional speed for the synthesis purposes. The first model implies numerical calculation
of the electromagnetic parameters (using finite element analysis) and is built accord-
ing to the multilevel concept (supply network, machine, converter, control and load
can be investigated), therefore it is called FEA-multilevel. The second model implies
analytical calculation of the electromagnetic parameters. This model is reduced in
terms of the multilevel modeling (only machine and control are investigated) and
therefore it is called reduced.
Before the detailed presentation of the two models, the numerical and analytical

approaches to obtain the electromagnetic parameters in the form of static magne-
tization curves are presented. The influence of end-effects is outlined. A special
procedure for calculation of the static torque curves from the magnetization curves
is proposed.
The time-traces of current, voltage and flux linkage calculated with the help of

the electromagnetic model are used for estimation of the losses in the drive. The
estimation of the losses and calculation of the drive efficiency are described in detail
in chapter 4. Expressions for estimation of the losses in both machine (including core
losses) and converter are given.
The values of the losses in the stator core, winding, rotor core and bearings are

used in the thermal analysis of the SRM. The model for thermal analysis is presented
in chapter 5. To estimate the heat distribution an equivalent thermal circuit is created
which is solved with the node potentials method. As a result of solving the circuit
the value of the hot-spot temperature can be found.
In chapter 6, an analytical model for estimation of the acoustic noise generated

by the SRM is presented. The model takes the radial force time-trace calculated in
the electromagnetic model and the motor geometry as the input data and calculates
the value of the sound power level.
The purpose of chapter 7 is the verification of the accuracy of the proposed

models (electromagnetic, thermal and acoustic) by comparing the calculated and
experimentally obtained characteristics. As the comparison proves the accuracy of
the models, the proposed multidisciplinary model is regarded as a virtual prototype
and can be used in the synthesis of the novel series of an I-SRD.
The synthesis of the I-SRD is presented in chapter 8. The chapter includes the

synthesis task definition, a description of the objective functions and constraints in
prospective applications of I-SRDs, and a brief description of the applied parametric
optimization methods. As the results of the synthesis process the characteristics
of the I-SRD series are presented and their comparison with the characteristics of
the existing integrated AC drives is made. Finally, a concept of an artificial neural
network (ANN)-based expert system for use at the early stages of a design is proposed
for future applications.
Chapter 9 gives some concluding remarks and recommendations. Manufacturing

aspects and perspectives of the new drives family are discussed.
The description of the novel software created for analysis and design of SRDs is

given in Appendix A.
A considerable amount of symbols and abbreviations will be used throughout this

thesis. The list of symbols and abbreviations is presented in Appendix B.
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The experimental database (ten SR motors of 8/6, 6/4 and 12/8 topologies) used
for the verification of the developed models can be found in Appendix C.
Finally, Appendix D contains a database of power electronics switches (IGBTs

and MOSFETs) of the rating appropriate for I-SRDs up to 7.5 kW.

1.3 Switched reluctance drives

1.3.1 Principle of operation and historical background

The switched reluctance motor has a very long, and largely forgotten pre-history, with
a multiple inheritance from the DC, AC and stepper motors ancestors, and from other
electromagnetic devices, such as electric clocks, vibrators and timing mechanisms.
Switched field reluctance motors were among the earliest electric motors to be

developed (1830-50s). Their origin lies in the horseshoe electromagnet of William
Sturgeon and in attempts to convert the ”once only” attraction of an iron armature
into oscillatory or continuous motion.
If a piece of soft iron fastened on a lever is placed near an electromagnet (Fig.1.3a)

there appears a force
−→
F which tends to attract the piece of iron to the electromagnet.

The force
−→
F has two components - radial

−→
F r and tangential

−→
F t. The tangential

component of the force tries to move the piece of iron into the so-called aligned
position (Fig.1.3b). If the lower end of the lever is fastened to some center O then
the tangential force component creates a torque T and the process of attraction is a
rotation around the center O.

T

F
Ft

Fr

+
-

O

T=0

Ft=0
F=Fr

+
-

O

F

+
-

T

S1

S2

R2

R1

O

(a) (b) (c)

Figure 1.3: Attraction effect of an iron body to an electromagnet (a) and (b); con-
tinuous motion (c).

To create a continuous motion based on the above principle,

• first, a mechanical construction has to be worked out (Fig.1.3c) where there is
always at least one pair ”electromagnet - piece of iron” in unaligned position
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(as S2 and R2 in Fig.1.3c), then this pair can produce a rotation when the
electromagnet is energized, and,

• second, the electromagnets have to be energized sequentially according to a
prescribed pattern. If we would like to make the pieces of iron in Fig.1.3c
rotating counter-clockwise, we then should energize every single electromagnet
only when a piece of iron is nearby and on the right side of the electromagnet.

To satisfy the first requirement the number of pieces of iron and the number
of electromagnets must be unequal. To satisfy the second requirement a special
commutator must be used to connect every single electromagnet to a battery and
then disconnect it again according to the position of the nearest piece of iron.
The direct ancestor of modern SRDs, the so-called ”electromagnetic engine”,

patented by W. H. Taylor in 1838, was based on this principle. The engine consisted
of a wooden wheel; seven pieces of soft iron equally spaced around the periphery
were mounted on its surface. The wheel rotated freely in a framework on which
four electromagnets were mounted. The electromagnets were connected to a battery
through a mechanical switching arrangement on the shaft of the wheel in such a way
that excitation of an electromagnet would attract the nearest piece of soft iron, turn
the wheel and energise the next electromagnet in sequence to continue the motion.
However, this motor and other subsequent inventions suffered from torque pul-

sations and low reliability of the mechanical commutator, and were soon superseded
by the invention of the DC motor and the AC induction motor.
Over 140 years after these early experiments, the advent of suitable power elec-

tronic switches made it possible that the mechanical commutator of the early reluc-
tance motors could be replaced by an electronic one. Improved magnetic materials
and advancements in machine design have brought the switched reluctance motor
into the variable speed drive market.
Unlike induction motors or DC motors the reluctance motor cannot run directly

from an alternating or direct current supply. A certain amount of control and power
electronics must be present in any case. The control circuit monitors the current and
position feedback to produce the correct switching signals for the power converter
to match the demands placed on the drive by the user. The purpose of the power
converter circuit is to provide some means of increasing and decreasing the supply of
current to the phase winding.
The layout of the modern SRD which consists of a reluctance motor and a power

electronic converter (the electronic commutator which replaced the mechanical one) is
shown in Fig.1.4. The SR motor has a rotor with no magnets or windings of any kind;
it is just a piece of shaped iron (Fig.1.5). The stator has a simpler structure than a
conventional induction or permanent magnet motor. In the last thirty years, a variety
of configurations of reluctance motors and switching methods have been investigated,
both theoretically and experimentally. The configurations are discussed in the next
section.
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Figure 1.4: Typical 6/4 motor (6 stator poles, 4 rotor poles) and conventional 3-phase
converter.

Figure 1.5: Disassembled SR motor of 12/8 topology.
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1.3.2 Configurations of SRDs

Configurations of the motor

In a regular SR motor, the rotor and stator poles are symmetrical about their
center lines and equally spaced. Regular motors usually have 3 or 4 phases, exhibit the
best overall performance [66] and the most sophisticated drive electronics (Fig.1.6).

(a) (b) (c)

Figure 1.6: Most popular topologies of SR motors in industrial applications: 6/4 (a),
8/6 (b) and 12/8 (c).

Motors with one or two phases are usually irregular and are designed for special
applications with limited control requirements [66]. Such motors particularly fit ap-
plications requiring a variable speed drive with a low manufacturing cost. The single
phase SR motor is probably the simplest brushless electric motor in existence today.
The use of a polyphase SRD as opposed to a single phase one, is generally advan-
tageous in terms of reduced peak current per switching device, continuous torque,
improved iron utilization, reduced rotor D2L per mean torque, and easier heat dis-
sipation (smaller coils); these advantages become less pronounced when low power
(say, less than 700 W) high speed (more than 8000 rpm) applications are involved.
Motors with a number of phases greater than four, or with a number of poles

(stator or rotor) greater than twelve have either a low ratio of aligned and unaligned
inductances or a high frequency of magnetic flux alternation, and are therefore not
desirable. A detailed analysis of various configurations of SR motors can be found in
[64] .

Configurations of the power electronic converter

Various power converter circuits have been proposed for the SR motor. Since the
torque is independent of the direction of the current, it has been claimed from time
to time that only one transistor per phase could be used instead of the two used in
AC drives. However, the necessary reversal of the phase voltage (for commutation
and in some cases for current regulation) can much easier be achieved with two
transistors per phase than with only one. Although many circuit configurations have
been invented with one switch per phase, very few (if any) are used in commercial
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Ph. 1 Ph. 2 Ph. 3 Ph. 4

S1 D1

D2S2

Figure 1.7: Asymmetric half-bridge inverter.

Ph.1 Ph.3 Ph.2 Ph.4

S1 D1

D2

S2

Figure 1.8: Asymmetric half-bridge inverter with ”shared” switches.

service, because they require auxiliary components, decrease the efficiency, limit the
control capability, and may even increase the number of winding connections.
Undoubtedly, the most common power converter for SRDs is the asymmetric

half-bridge, shown in Fig.1.7 for a four phase motor.
The principal advantage of this circuit is that all the available supply voltage

can be used to control the current in the phase windings. As each phase winding is
connected to its own asymmetric half-bridge there is no restriction on the number of
phase windings. However, since there are two switches per phase winding, the circuit
is best suited to motors with a small number of phase windings.
In the asymmetric half-bridge with ”shared” switches (Fig.1.8) diodes and switches

are shared between more than one phase winding. This is particularly advantageous
for high numbers of phase windings.
There is a wide variety of converter circuits for SRDs for special applications: ca-

pacitive energy recovery converters, magnetic energy recovery converters, converters
with external DC-DC circuit, dissipative converters, self-commutating converters. A
detailed analysis of these configurations can be found in [7].
The motor configurations 6/4, 8/6 and 12/8 and the asymmetric half-bridge con-

verter topologies (Fig. 1.7 and 1.8) fit best for the development of a general-purpose
industrial drive due to their superior performances, required in most of the industrial
applications [66]. Therefore, only these motor configurations and converter topologies
will be considered further in this thesis.
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Figure 1.9: Papers and patents on SRDs.

1.3.3 Present status, applications and perspectives of SRDs

Since the first industrial applications of SRDs in the 1970s, plenty of research and
patents showed up, mainly in the last 10-15 years (Fig.1.9). The biggest patent
holders are Emerson Electric (16% of the total number of patents), General Electric
(7%) and Sekogiken (6%). Various forms of SRDs based on the most significant
patents are now manufactured under license.
Table 1.1 lists some examples of SRD products in four major sectors of commerce.

These are among the best known: the list is certainly incomplete and there may be
other examples which are not publicly known. Aerospace and military applications
are usually not disclosed at all.
However, it is worth noting that the foregoing list is quite short if compared to

a kind of list that could be generated for induction motor or brushless permanent-
magnet motor drives, in spite of the extraordinary quantity of published research on
SRDs. One of the interesting features of the list is the wide variety of applications,
which bears out the claimed flexibility of the SRD and tends to support the idea that
its slow commercial progress is due to lack of investment and tooling rather than to
any inherent technical limitation.
Enormous investments in tooling and infrastructure for the induction motors and

AC drives put the SRD at a disadvantage in many large sectors of the motor business.
Since the vast majority of induction motors are line-start motors without any power
electronics, the SR motor has no hope for competing with the induction motor in the
bulk of these applications. The infrastructure relates to the design, manufacture, sale,
commissioning, maintenance and control, and in adjustable-speed drives all these are
heavily weighted in favor of induction motors. By contrast, the SR motor and its
drive are specials for which very little tooling already exists, while almost none of
the infrastructure does [34], [66]. For example, the converter complexity in the SRD
is about the same as in the induction motor drive. What is more significant than the
level of complexity, is the fact that the theory and architecture of controllers for SRDs
are not widely known. Moreover, there are very few established commercial sources
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Application Company
Industrial applications

Industrial drives 7.5-22 kW Allenwest, UK
General purpose industrial drives 4-43 kW Oulton, Task Drives, UK
Booster pump drives 11 kW General Motors, USA
Industrial drives 9-140 kW Sicme Motori, Italy
Weaving machines SRDL, UK; Picanol, Belgium

Mining drives 35-200 kW
British Jeffrey Diamond, UK /
SRDL, UK

Commercial applications
Centrifuges Beckman Instruments Inc., UK
Electric tools Kaskod, Russia
Fans, floorcare AMETEK Lamb Electric, USA

Compressors
Compare Broomwade, UK;
Emotron a/b, Sweden

Pumps, HVAC motion control Emotron a/b, Sweden
Electric doors Besam a/b, Sweden
Sliding-door operator, roll-doors SRDL, UK

Automotive applications
EV drives Aisin Seiki, Japan
Train air conditioning, steering SRDL, UK
Automotive cruise control DANA Corp., USA
Train air conditioning Normalair Garrett, UK

Domestic applications
Washing machines, food-processors,
vacuum cleaners

SRDL, UK

Other applications
10-1500 W Magna Physics, USA
Positioning drives 3.5-11 kW MACCON, Germany
6-18 kW T-Gidropress, Russia
Megatorque direct-drive NSL Ltd., Japan
Several applications Mavrik Motors, USA
High-speed motors and controllers AMC NEC/Densei, USA
Low-speed drive 250 kW Electro Magnetix Ltd., UK

Table 1.1: Applications of SRDs.
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of converters for SR motors, or of the other drive components that are integrated with
these converters. Worldwide, only a few engineers understand the art of designing
these controllers at the appropriate level that enables them to make commercially
viable products.
So, industry is in general continuously reluctant to implement the SR technology.

For bigger companies producing their own machines and controllers in high volumes
the reason is often the high costs involved for changing development and production
procedures. Smaller companies, on the other hand, find it often difficult to develop
SRDs without infringing one of the many patented designs. Such a situation limits
the role of SRDs to special applications where costs of development and support can
be absorbed by a larger project.
Nevertheless, the SR technology provides some benefits which guarantee that the

widespread commercial use will come sooner or later:
Efficiency: SR motors often exhibit equal or better efficiency than conventional

AC motors (especially at low speeds and partial load) [11], [34], [36], [45], [53] but
lower than permanent-magnet motors.
Controllability: the SRM can be operated in all 4 quadrants. As the windings

may be driven in the unipolar switching mode, the power stage configuration can be
simplified in many cases. With minor additional expense it is also possible to achieve
a low torque ripple [66].
Robustness and reliability: the SR motor is as robust as a conventional AC motor,

as the rotor only consists of iron; in the case of a phase winding short circuit this
type of motor is better protected than any other [36], [45], [64].
Noise: the operating noise of the SR motor is almost as low as that of other

motor types, assuming that correct mechanical measures are undertaken [66], [53].
New slot geometries and control techniques also promise further improvement.
Speed range: the SR motor can be driven over a wide speed range [45]. In this

respect it exhibits a similar operational curve to the vector-controlled AC motor,
having a constant maximum torque at low speed and constant power in the high
speed range. Very high speeds can be achieved - up to 100,000 rpm [17] with no
special mechanical arrangement. At the same time, the drive can operate at low
speed providing rated torque down to zero speed.
Peak torque: the SR motor offers a higher peak torque than an equivalent AC

induction motor, particularly at low speed [45]. The value is however still smaller
than the achievable figure for the equivalent permanent-magnet machine.
Power/weight ratio: in this case the SR motor has a clear advantage over the AC

motor [36]. For the same power output the SR motor may be up to 40% smaller and
lighter. The use of SR motors is not restricted to any particular power range. SR
motors have been developed for power outputs from 50 W to 5 MW.
Cost : for the same power output SR motors along with their controls are cheaper

than permanent-magnet and AC motors if used in large production projects [11],
[38].
In the present state of art a new product concept is needed to stimulate the

interest of drive manufacturers and the VSD market to SRDs. The concept of an
integrated drive based on the SR technology can play this role.
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1.4 Integrated drives

1.4.1 Perspectives of integrated drives

The emerging machine integrated with a converter is very promising for a variety of
industrial applications up to 22 kW: pumps, fans, conveyors, paper printing machines,
centrifuges, extruders, cranes, lifts, machine-tools, rolling tables, servo drives, and
many others. The idea is not new though. Motor and control units have been
coupled for some time in limited or concept editions. On occasions, they served as
the displays of a company’s advanced technology for important visitors. Most often,
they existed only in advanced development labs. A lot has changed, however. The
industrial general-purpose AC motor-converter package has emerged in the middle
1990s, due to the convergence of available technologies and market needs. Examples
of integrated AC drives are shown in Fig.1.10.

(a) (b) (c)

Figure 1.10: Integrated induction motor drives: (a) ABB - "Integral motor", (b)
Siemens - "Combimaster" and (c) Danfoss - "VLT DriveMotor".

Most product activity has centered around the popular AC induction motor, but
brush DC and brushless (permanent-magnet) DC motors are also drawing attention.
For example, the first integrated drive (ID) created in laboratories of ABB in the
early 1990s was a permanent magnet motor drive and thereafter the induction motor
drive named ”Integral Motor” was developed.
The advantages of placing an electric motor and its controls in one unit are:

• simplification of the whole process of selecting and purchasing motors and
drives. The customer needs to buy only one item. It is a part of the gen-
eral market trend for accelerated product integration;

• smaller cost - the cost of installing and wiring two components is eliminated.
Less space is also required because it is not necessary to reserve space on the
machine or control panel for the converter;

• ultimate motor and control matching. Combining the motor and control allows
both parts of the package to be tailored to match the performance of the other.
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It makes it possible to create an optimized design in the factory rather than
transfer the burden of optimization to the customer;

• reduced electromagnetic interference (EMI) by eliminating the wires lengths
between motor and control - converter and motor are centimeters away from
each other;

• decentralization has become the major topic in automation. Cost-saving rep-
resents a constant challenge to system designers and actual drive components.
Long rows of control cabinets with complex wiring, expensive space require-
ments and long distances between the control cabinet and motors do not sim-
plify and economize the situation. The integrated drive concept not only re-
duces the number of components, but constantly develops more compact and
efficient drive systems.

The SRD wins more than any other drive type from packaging of motor and con-
verter because this eliminates some of the inherent drawbacks of the SRD technology:

• numerous wires between motor and converter in traditional ”separated” designs
(for example - eight wires for a four phase SRmotor) are short and hidden inside
the package;

• wires between position sensors and converter become extremely short and are
hidden inside the package. So, the first generation of I-SRDs can be designed
with position sensors, i.e. without using sensorless techniques which are desir-
able but not widely available yet for this type of drives [28];

• according to the current service policy of major drive suppliers replacement of
the complete unit is done in case of failure. So, the intrinsic drawback of SRDs
that the SR motor cannot operate without converter, is eliminated, and in this
respect the I-SRD becomes equal to the integrated induction motor drive.

1.4.2 Integrated drive - a stage of natural evolution of drive
systems

The evolution of variable speed drives is taking place according to the common prin-
ciples of evolution of technical systems. A technical system is developing up to some
definite level: after passing this level the system is usually included into some super-
system as one of its parts; the development on the system level slows down or stops
at all, and it continues on the supersystem level.

During the evolution, a system passes the following stages:

• system consisting of several parts,

• partially reduced system,

• completely reduced system,
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Figure 1.11: Classification of machinery according to the material treatment.

• new system (part of a supersystem).

The transition between the stages cannot happen without successes on a subsys-
tem level - the level of components.
The integrated drive is a typical example of the partially reduced system. It will

become the completely reduced system when the power electronics gets inside the
frame of the machine (P. Vas called this future system ”an electronic motor” [90]).
Such system will then become a stable part of some new system, for example, the
system of decentralized automation.
Table 1.2 presents some visualization of the evolution process. The reviewed

evolution mechanism proves that the appearance of the integrated drive concept is a
logical stage in the VSD technology development.

1.4.3 Applications

In search for applications of I- SRDs we can look through the classification of indus-
trial machinery driven by electric motors - Fig.1.11.
Integrated drives can be used almost in any application where the converter-

motor combination is used. The fixed-speed applications market is also open for the
ID products.
One application example is the drive for a conveyor belt shown in Fig.1.12a.

An extra torque is needed to overcome the friction in the conveyor belt when the
belt starts, and constant torque is needed for running the belt. Another application
example is a turbo-fan coupled with an ID as shown in Fig.1.12b.
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(a) (b)

Figure 1.12: (a) Conveyor belt drive; (b) turbo-fan drive.

However, technology-born limits should be considered. An ID, intended for a
wide range of applications, has some inherent limits today - possibly it will have
them even tomorrow. Considering the speed range up to 6000 rpm, the power range
is relatively small to keep the physical size (and footprint) reasonable and the heat-
generation problem manageable. Both size and thermal management escalate as the
power output goes up while keeping the above mentioned speed range. Today, motor-
control packages come in sizes up to 22 kW. Still, the power range is expected to
grow with time. In addition, some applications make no sense for this product type:
for example, submersible, low-speed (lower than 100 rpm), and high-temperature
applications (higher than 40◦C).

1.4.4 Required performances of the I-SRD series

The required performances of the I-SRD series can be defined analyzing the perfor-
mances of existing integrated AC drives (induction motors integrated with frequency
converters). The objective is to design a series of new drives with performances bet-
ter than those of existing integrated AC drives, e.g. to create a competitive drives
family.
In Table 1.3 power and speed ranges of the manufactured integrated AC drives

are shown. It can be concluded that the I-SRDs should be designed for operation in
two speed ranges (300...3000 and 600...6000 rpm) with output powers of 0.75, 1.1,
1.5, 2.2, 3.0, 4.0, 5.5 and 7.5 kW.
Some features of the integrated AC drives are presented in Table 1.4. It can

be concluded that the series of I-SRD should be suitable for both constant and
quadratic torque applications, can be supplied from 1˜220 − 240 V (0.75...2.2 kW)
and/or 3˜380 − 420 V (0.75...7.5 kW), and should have the IP55 frame protection
class, insulation of class F , operation temperature range −10... + 40oC, and EMC
compatibility of the ”industrial” class.
In Figures 1.13a and b the torque vs. speed and efficiency vs. speed charac-
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Table 1.3: Ratings of existing integrated AC drives.

Table 1.4: Features of existing integrated AC drives.
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teristics of the integrated AC drive ”Integral Motor” of ABB are presented. These
curves can be regarded as lower boundaries (i.e. as constraints) for the corresponding
characteristics of the I-SRD.
It is important to keep the same overall dimensions for convenience of installation.

Therefore, for the new series of I-SRD the standard IEC frames of induction motors
should be used. This will also be a cost effective solution for I-SRD manufacturers,
because no extra investments for the development of new frames are needed.
The final specifications for the I-SRD series used in this thesis are presented in

Table 1.5.
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Figure 1.13: ABB’s "Integral motor": (a) relative torque vs. speed: rated and
overload curves; (b) efficiency in the applicable speed range.

The first step on the way of solving the problem is undertaken in chapter 2, where
the applied design approach is presented.



# Characteristic Value/notation/reference
1 Power range 0.75 - 7.5 kW

2 Speed range Two types of ID:
300...3000 rpm
600...6000 rpm

3 Supply voltage
1 phase 220-240 V for 0.75...2.2 kW
3 phase 380-440 V for 0.75...7.5 kW

4 Frame/protection class TEFC, IP 55
5 Frame sizes 71, 80, 90S, 90L, 100, 112, 132
6 Insulation class F (155oC)
7 Ambient temperature −10...+ 40oC
8 EMC level industrial

9 Torque vs. speed curve Two types of ID:
for quadratic torque
for constant torque

10
Overload capability for
constant torque applications

According to Fig.1.13a

11 Efficiency According to Fig.1.13b

Table 1.5: Specifications for the new I-SRD series.





Chapter 2

Description of the proposed design
approach

2.1 Traditional approach to the design of variable
speed drives

Modern mechatronic products, such as the VSDs, are characterized by increasing
complexity and heterogeneity. Therefore, the dimensionality of the solution space of
the design problem is significantly greater for mechatronic systems than for classical
products.
Owing to plenty of design possibilities, mechatronic systems cannot be designed by

trial and error. They must be designed in a continuous mechatronic design process
[9]. Powerful tools for every single design step are necessary. Nevertheless, it is
still a common practice to skip thorough analysis in favor of building prototypes.
These deficiencies are especially common in companies involved in designing smaller
and medium size machines, where prototypes are often built to try and overcome
the shortcomings of the design process (Fig.2.1). The drawbacks of this traditional
approach are high cost and development durability.

2.2 Virtual prototyping

With the appearance of powerful CAE tools, a product can be designed almost en-
tirely by an iterative process in the virtual environment (Fig.2.2). When the optimal
solution is found, the prototype can be built to perform final verification of the pre-
calculated results. Such an approach is often called virtual prototyping. Winning in
the rate of development gives considerable profit due to the earlier introduction of
the product in the market (Fig.2.3).
For an SRD, which has many possible configurations, examining of various con-

figurations through constructing and testing prototypes is too costly, so the virtual
prototyping is the best option. The virtual prototyping implies the use of an accu-
rate experimentally verified mathematical model of the designed object. Therefore,
to develop a new series of I-SRDs several design steps are needed:
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Figure 2.2: ”Virtual” development.
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• development of the mathematical model of the SRD,

• collection of the database of experimental results,

• fine-tuning and verification of the model by comparison of the experimental
results with the calculations,

• using the fine-tuned model in the process of synthesis.

A mathematical model of the SRD is described briefly in section 2.4 and in detail
in chapters 3 to 6. The database of test results has been collected using both testing in
the laboratory and analysis of the results published by other researchers. The latter
way to obtain information for verification of the developed models is not typical
although it is quite time and cost effective. The database contains parameters and
measured characteristics of ten SRMs of 8/6, 6/4 and 12/8 configurations (Appendix
C). The process of the collection of test results and of the fine-tuning of the model
is visualized in Fig.2.4.
The comparison of the characteristics calculated with the help of the fine-tuned

model with the experimentally obtained characteristics is presented in chapter 7. As
the agreement is good we can state that the fine-tuned model can be applied for
virtual prototyping in the procedure of synthesis.
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2.3 Synthesis

”Who would use a title such as ’Compromises
in the design of switched reluctance motors’?
Optimal design sounds better”.

T.J.E. Miller

As it has already been stated, the SRDs can have various machine topologies and
converter types, and the drive characteristics in the operational speed range strongly
depend on the geometric shape of the active parts of the machine, used materials and
winding configuration. All this makes the task of the SRD designer very complicated
and application of simulation and optimization techniques in the design (synthesis)
process becomes inevitable.
The concept of synthesis allows to formalize the designing process and to trans-

form the designing task into a mathematical optimization task. Then, the framework
of the task is optimization of objective functions subject to a set of system constraints.
It is mathematically formulated as:

minimize F (X) ,
subject to X ∈ Ω

(2.1)

where F (X) : Ω→ Rk is a set of objective functions (vector objective function). The
design variables are represented by the vector X. They belong to the feasible set
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space which can be expressed as:

Ω =
©
X ∈ Rk | g(X) ≤ 0, h(X) = 0

ª
(2.2)

where g(X) and h(X) are constraints.
The objective functions (such as cost, efficiency, weight, etc) are usually incompat-

ible. For example, to increase the efficiency one should use more expensive materials
which increase the cost. Therefore, the design, often called optimal is in fact a trade-
off (or compromise) design. Application of the synthesis techniques for the design
of I-SRDs is described in detail in chapter 8.
The core of the synthesis process is the mathematical model of the drive. The

model is presented in the next section.

2.4 Mathematical model of a switched reluctance
drive

2.4.1 Multidisciplinary modeling

To discover if a selected design fulfils the specifications a prediction of at least the
following characteristics of the drive has to be done:

• average torque and torque ripples,

• rms and peak values of phase current,

• drive efficiency,

• winding hot-spot temperature rise,

• critical speeds,

• vibrations and/or acoustic noise,

• drive power factor,

• total harmonic distortion.

To obtain the characteristics for any set of the design variables (Fig.2.5) a com-
bination of electromagnetic, thermal and mechanical mathematical models, the so-
called multidisciplinary model has to be applied.
A short description of the models, which are interconnected to comprise the united

multidisciplinary model, is presented further in this section.

Modeling of the electromagnetic processes

SRD operation comprises a series of transients in a highly nonlinear magnetic
system, with no discernible steady state that could be expressed by simple algebraic
equations. Therefore, for the design of SRDs the instantaneous values (time-traces)
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Figure 2.5: SRD model ”inputs-outputs”.

of voltage, current, flux linkage, radial force and torque have to be calculated and a
computer simulation is a sine qua non [66].
As it was stated in section 1.2, two novel models of electromagnetic processes are

proposed. The models are intended to be applied at different stages of the design.
The first model, called reduced, is an original model comprising a SIMULINK

block-diagram and a MATLAB script intended for rapid simulations of the motor
behavior inside the iterative procedures of the synthesis/optimization. The model
implies the analytical calculation of the magnetization curves, and it is therefore very
time-efficient.
The second model, called FEA-multilevel, is intended for the analysis of the opti-

mal (trade-off) design found with the help of the reduced model. This model is built
according to the multilevel concept (supply network, machine, converter, control and
load can be investigated). It implies the numerical calculation of the electromag-
netic parameters, and, therefore, it is more accurate than the reduced model, but less
time-efficient.
Both models use two novel procedures: the first procedure takes into account

the end-effects in the SRM, and the second one calculates the static torque curves
from the magnetization curves. As it will be shown in chapter 3, where the detailed
description of the models is given, application of these procedures helps to obtain a
higher accuracy.

Model of thermal processes in the SR motor

Traditionally, electric motor manufacturers have tended to concentrate efforts
on improving the electromagnetic design and have dealt with the thermal design
aspects less thoroughly. However, the increasing requirement for miniaturization,
energy efficiency and cost reduction, and the need to fully exploit new topologies and
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materials, make it imperative to analyze the thermal circuit to the same extent as
the electromagnetic structure.
The main purpose of the thermal model described in chapter 5 is to find values

of the hot-spot temperature in and the average temperature of the motor winding.
The first value is critical for the safe operation of the motor insulation, the second
one influences the winding resistance and, consequently, the losses.
To solve this task an original equivalent thermal circuit of the SRM is elaborated,

which allows using a very simple and rapid method of solving the circuit. A novel
concept of a multi-layer equivalent cylinder is introduced for modeling the motor
winding. The circuit, corresponding to the equivalent cylinder, is interconnected
with the main thermal circuit.
As the motor losses and temperature distribution throughout the motor influence

each other an iterative process of calculation is required.

Acoustic noise model

To ensure that the designed drive fulfils the IEC or NEMA standards for acoustic
noise emission an estimated value of the A-weighted sound power level LwA in dB(A)
is required. Therefore, the value of LwA is the output of the acoustic noise model
proposed in the thesis. The acoustic noise model described in chapter 6 can be
characterized as a combination of approaches proposed by different authors, though
novel simplified procedures are proposed for the calculation of the radial forces and
modal frequencies.

Interconnection of the models

The electromagnetic, mechanical and thermal processes in the drive are interre-
lated. Therefore, interaction between the corresponding models is required. The way
of interaction applied in the proposed multidisciplinary model is shown in Fig.2.6.
From the point of view of the internal structure, the multidisciplinary model is a
combination of the simulation core (electromagnetic model) and several other mod-
els and methods to calculate various characteristics of the SRD, which use outputs
of the electromagnetic model. The output data are the time-traces of phase current,
flux linkage, voltage, torque and radial force. From these data-arrays the rms and
peak values of the phase current, the mean torque as well as the torque ripples can be
calculated. The time-traces are also used for the estimation of losses, the calculation
of the efficiency, and in the acoustic noise model.

2.4.2 Multilevel models and compromises in modeling of the
electromagnetic processes

All elements in the drive system (supply network, converter, machine, control unit,
load) influence each other. It is, therefore, impossible to get the overall behavior
by analyzing the elements separately. Such analysis requires more modeling efforts
compared to the modeling of the regular electronic system or the machine separately.
This is caused by the difference in model types for the electrical machine, the power
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converter and the control of the drives. The solution of this problem lies in the
application of multilevel modeling. Each level, using some special approach, describes
only a part of the drive (machine, converter, etc). At the same time all levels are
united to provide the analysis of the drive as a whole.
There are many modeling methods and corresponding program packages intended

for modeling/simulation of electrical machines and drives on different levels. Four
widely applied ways to describe the processes in a drive system are the following:

• Modeling language (C/C++, Pascal, MATLAB, etc) - ML,

• Block-diagrams (SIMULINK, CASPOC, etc) - BD,

• Numerical methods for the analysis of electromagnetic fields (FLUX, ANSYS,
MAXWELL, FEMLAB, etc) - FEA,

• Circuit diagrams (SIMPLORER, P-Spice, Saber, Power System Blockset, etc)
- CD.

Each of these approaches is usually applied for a particular part of the drive.
For example, numerical methods for field analysis (generally finite element method)
are often applied for machine description, the circuit diagrams for converter simula-
tion, the block-diagram language for modeling of the control algorithms and machine
behavior.
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Figure 2.7: Simulation of the THD using Power System Blockset.

Part of the system Method of description Product
Supply network CD Power System Blockset
Converter CD Power System Blockset
Control ML MATLAB
Machine FEA or BD FEMLAB or SIMULINK
Load BD SIMULINK

Table 2.1: Software modules applied to simulate the complete SRD

Separated parts of a drive system can be easily modeled. For example, in Fig.2.7
a circuit diagram of a 3-phase rectifier with input choke is presented. The model can
be used for examining the influence of choke parameters on the THD value. The tool
used for creating the model is Power System Blockset (PSB).
Theoretically, a multilevel model of the SRD can be realized using commercially

available packages, for example the software products of Mathworks. In this case a
four-level model of the SR drive would consist of the following modules as indicated
in Table 2.1.

Attempts to realize such a multilevel model were undertaken, but proved to be
difficult in practice in terms of combining the modules adequately: while combin-
ing the circuit diagrams of the Power System Blockset and the block diagrams of
SIMULINK a problem of algebraic loop appeared (Fig.2.8).
A relatively successful attempt to create a multilevel model of the SRD is reported

in [23]. However, this multilevel model is unable to provide satisfactory accuracy due
to the assumption that the magnetic parameters of the SRM are linear.
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Due to the difficulties with the creation of multilevel models the prevalent practice
is to neglect some processes or to model only a part of the drive. This implies
a reduction of the multilevel model (usually three- or four-level) to a two-level or
even to a single-level model. Such compromise makes it possible to realize a reliable
model which can provide the designer with information to make decisions during the
synthesis process.
Some examples of complete and reduced models are presented in Table 2.2. The

table contains a graphical description of the five models, designated by encircled
numbers from 1 to 5. Interconnected circles with the same number comprise the
graphical description of one model. For example, the interconnected circles containing
number 4 occupy two fields: the first one on the crossing of the row ML and the
column control system, the other one on the crossing of the row BD and the column
machine. That means that in the model #4 modeling language (ML) is applied for
modeling the control system and block-diagrams (BD) are applied for modeling the
machine.
Among the five models presented in Table 2.2 the models #1, #2 and #3 are

reported by different authors:

• model #1 (described in [24]) is the coupling of Flux 2D (FEA - machine, CD
- inverter) and SIMULINK (BD - control),

• model #2 is realized in PC-SRD software [65] where machine and control unit
are both modeled using ML,

• model #3 (BD - machine and load, ML - control, CD - converter) is realized
in CASPOC-2001 software [23].

The two novel models of electromagnetic processes proposed in this thesis are
designated by the numbers 4 and 5.
The model #4 is a reduced two-level model. As already stated the corresponding

trade-off approach is based on the analytical calculation of the static magnetization
curves and torque curves of the SRM (that has to be carried out beforehand) and
the subsequent simulation of the dynamic process of energy conversion using the
MATLAB/SIMULINK block-diagrams.
The model #5 is a complete multilevel (four-level) model. The corresponding

approach is based on obtaining the static magnetization curves by the FEA. That is
why the model is called FEA-multilevel. The multilevel model is realized on the base
of the CASPOC technology [60].

The detailed description of the reduced and the FEA-multilevel models is given
in chapter 3.
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Chapter 3

Modeling of electromagnetic
processes

3.1 Introduction

All mathematical models of electromagnetic processes in a SR machine published so
far have been based on the well-known phase voltage equation:

v = ir +
dΨ

dt
, (3.1)

and torque equation:

T =

∙
∂W 0

∂γ

¸
i=const

, (3.2)

where
v - is the voltage applied to the phase winding,
i - is the phase current,
Ψ - is the flux linkage of the phase coils,
W 0 - is the coenergy,
γ - is the rotor position.
The phase flux linkage Ψ is a function of the rotor position γ and the currents in

all m phases i1, ..., im. Due to weak magnetic coupling between the phases of a SRM
the flux linkage can be treated as a function of only one current in the considered
phase: Ψ = f (i, γ).
The differences between the existing models are only in the technology of solving

(3.1) and (3.2) on a PC (technology of simulation). The simulation approaches can
be classified by the way the magnetic parameters (flux linkage or inductance) are
obtained while integrating (3.1):

• the magnetic field can be calculated at each iteration using an appropriate
numerical field analysis (NFA) method. In this case, electric and magnetic
circuits are analyzed simultaneously. The number of required field calculations
is equal to the number of iterations (Fig.3.1a);
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• magnetic parameters (usually flux linkage) can be precalculated for several
currents and rotor positions (the so-called static magnetization curves or mag-
netization surface can be drawn for visualization) and stored in a matrix
Ψ = f (i, γ). During the simulation the required parameter can be found
almost instantly at any iteration from the matrix Ψ = f (i, γ) or i = f (Ψ, γ)
using special interpolation procedures (Fig.3.1b).

The precalculation of the magnetic parameters can be performed using numerical
analysis of the field as well as analytically.
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Figure 3.1: Simplified representation of the two simulation approaches: (a) with NFA
at each iteration, (b) with precalculated magnetic parameters.

So, the following three approaches can be distinguished:

• simulation using NFA at each iteration,

• simulation using numerically precalculated magnetic parameters (NPMP),

• simulation using analytically precalculated magnetic parameters (APMP).

The first approach can be realized with the help of field analysis packages such
as ANSYS or FLUX 2D/3D. This technique looks very perspective, but nowadays
the computational power of commercially available computers is insufficient to carry
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out a series of simulations required for synthesis or thorough analysis within a rea-
sonable time-frame. Several simulations were performed with the help of FLUX 2D
[61]. The magnetic field was investigated in two dimensions (2D). One simulation,
corresponding to one complete cycle of energy conversion in a single phase of the
SRM, took more than 30 hours (on a Pentium III, 900 MHz). It is obvious that
three-dimensional (3D) analysis of such a complex structure as a SRM would be
much more time-consuming. Therefore, no attempts were undertaken to perform the
3D calculations.
The 2D NFA doesn’t take into account the end-effects in the machine, bringing

inaccuracy in the calculation. Taking this fact into account (in addition to the
high computational time) the approach with NFA at each iteration appears to be
undesirable.
The second approach (NPMP) looks more attractive in terms of computational

time. The number of required field calculations NNFA is equal to the product of the
number of currents NCur and the number of positions NPos for which the magnetic
parameters must be obtained.
Usually, NNFA doesn’t exceed 40...50 and the precalculation procedure takes sev-

eral minutes. This task can be performed with the help of the already mentioned
ANSYS and FLUX 2D/3D or less sophisticated packages (e.g. ELCUT), but an ad-
ditional package, e.g. SIMULINK, will be needed to perform the simulation, which
itself takes time of less than one second. The correction of the magnetic parameters
for end-effects (which can play an important role in a SRM) should be carried out in
advance.
The NPMP-approach is still too time-consuming for use in the synthesis/ opti-

mization procedures, but quite acceptable for analysis purposes. The problem in the
realization of this approach is to link the NFA with the simulation software to make
the analysis procedure user-friendly. This requires the creation of additional macros
or novel packages.
The third approach (APMP) doesn’t require field analysis and is therefore the

most time-efficient. The magnetic parameters are precalculated using special analyt-
ical procedures. The procedures can include a correction of the magnetic parameters
for the end-effects. It is possible to realize the APMP-approach in commercially
available software (e. g. MATLAB/SIMULINK) or to create novel software. When
using the APMP-approach the analysis speed is high; therefore, the approach can be
applied for synthesis/optimization.
The NPMP- and APMP-approaches are used in this thesis as a base for two novel

models of the electromagnetic processes in a SRM. Before the models are introduced
the two ways to precalculate the magnetic parameters are presented. In section 3.2
the numerical analysis of the electromagnetic field by means of FEA is discussed
and the way to derive the magnetic parameters (flux linkages) and electromagnetic
forces/torques is described. In section 3.3 the analytical procedures for the calculation
of the magnetization curves, the correction for the end-effects and the calculation of
the static torque curves are presented as an alternative to the FEA-based procedures.
The main features of the two novel models are presented in Table 3.1. The first

model, called FEA-based multilevel, is based on the NPMP-approach and exploits
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# Task/effect/performance Reduced model
FEA-based
multilevel model

Description
1 Acquisition of magnetic parameters Analytically By means of NFA

2 Handling influence of the end-effects
Analytical
correction

Analytical
correction

3
Number of simultaneously
analyzed phases

One All

4
Analysis ”Supply network-SRD”
(THD, power factor) and ”SRD-Load”
(speed and load torque variation)

No Yes

Performances
1 Computation time Very fast Relatively slow
2 Accuracy and reliability Medium High

Table 3.1: Comparative presentation of the models.

the multilevel concept presented in chapter 2. The second model, called reduced, is
based on the APMP-approach and is reduced with respect to the multilevel concept.
The reduced model described in section 3.4 is intended for rapid calculations

inside the iterative procedures of synthesis/optimization. For each selected design the
magnetization curves are calculated analytically using a modification of the method
of Miller and McGilp [63] briefly presented in section 3.3.1. The end-effects are
taken into account with the help of expressions presented in section 3.3.2. The main
advantage of the reduced model is the low computation time.
The FEA-based multilevel model described in section 3.5 is intended for compre-

hensive analysis of the design found to be optimal with the help of the reduced model.
This analysis includes the investigation of the mutual influence ”Supply network -
SRD” and ”Load - SRD”. The multilevel model analyzes all phases simultaneously,
and is based on reliable information about the machine’s magnetic system. Such
information can only be obtained by means of numerical analysis of the static elec-
tromagnetic field. The atonement for reliability and accuracy is high computation
time.

3.2 Numerical analysis of the electromagnetic field

3.2.1 Fundamentals of electromagnetic field

Electromagnetic fields are governed by the following Maxwell’s equations (general
differential form):

∇×H = J +
∂D

∂t
(3.3)

(Maxwell-Ampere’s law),
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∇×E = −∂B
∂t

(3.4)

(Faraday’s law),

∇ ·B = 0 (3.5)

(Gauss’s law for magnetism),
∇ ·D = ρ (3.6)

(Gauss’s law for electricity),

∇ · J = −∂ρ
∂t

(3.7)

(Equation of continuity),
where
H - is the magnetic field intensity vector,
J - is the total current density vector,
D - is the electric flux density vector (or displacement vector),
E - is the electric field intensity vector,
B - is the magnetic flux density vector,
ρ - is the electric charge density,
t - is the time.
The above field equations are supplemented by the constitutive relations that

describe the macroscopic properties of the media being considered:

D = εE, (3.8)

where ε - is the permittivity,
J = σE, (3.9)

where σ - is the conductivity,

B = µH = µ0µrH, (3.10)

where µ - is the magnetic permeability (in general a function of H); µ can be derived
from the B-H curve.
The continuity equation that must be satisfied for the proper setting of Maxwell’s

equations follows from taking the divergence of both sides of (3.3):

∇ ·
Ã
J +

∂D

∂t

!
= 0. (3.11)

3.2.2 Application to the magnetostatic problem (two dimen-
sional case)

Since J.C. Maxwell announced his equations in 1873, an enormous amount of work
has been carried out in obtaining solutions of electromagnetic field problems. Before
the 1970s, the solution of electromagnetic field problems has usually been based on
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analytical techniques and by exploiting various analogies. Necessary simplifications
of the geometry and boundary conditions have been carried out for a particular
problem. The advent of fast digital computers has revolutionized the computation
of electric and magnetic fields, resulting in the new science of numerically computing
electrical and magnetic fields.
This science is a mixture of

• electromagnetic theory,

• mathematics, and

• numerical analysis

which have provided the means enabling to solve practical field problems with
accuracy and flexibility that could not be achieved by analytical methods.
3D analysis uses a 3D model to represent the geometry of the structure being

analyzed which is the most natural way to represent a structure. However, 3D models
usually are more difficult to generate than 2D models and usually require much more
computer time. Therefore, 2D analysis is preferable if the investigated object can be
analyzed in a plane.
As will be shown in sections 3.3.2 and 7.4, the magnetic parameters of a SRM can

be derived using 2D analysis and then corrected for end-effects without considerable
loss of accuracy. Therefore, in this thesis the numerical analysis in a cross-section
of the SRM will be performed further to obtain the magnetic parameters and static
characteristics.
The following assumptions are made in the 2D analysis:

• the variation of the electromagnetic field along the axial direction of the shaft
is neglected;

• the iron part of the magnetic circuit is isotropic in nature, i. e. the magnetiza-
tion curve is single valued and hysteresis effects are neglected;

• the magnetic field is confined within the motor periphery and the external
contour of the stator is treated at zero potential;

• the excitation source of the stator winding is DC, i. e. eddy current effects are
not present.

Considering the static magnetic field and neglecting displacement currents, the
following subset of Maxwell’s equations apply:

∇×H = J, (3.12)

∇×E = 0, (3.13)

In the entire domain of the electromagnetic field problem a solution is sought
which satisfies the relevant Maxwell equations (3.5), (3.12) and (3.13). The solution
of a magnetic field problem is commonly obtained using potential functions. Two
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kinds of potential functions, the magnetic vector potential and the magnetic scalar
potential are used depending on the problem to be solved. Factors affecting the
choice of potential include: field dynamics, field dimensionality, source current con-
figuration, domain size and discretization. The introduction of the magnetic vector
potential

−→
A allows the magnetic field to be expressed as:

B = ∇×A, (3.14)

It is recommended to use the magnetic vector potential (MVP) formulation for
2D static magnetic analysis; and doing so results in a single degree of freedom of the
magnetic vector potential, Az.
Using (3.10), and substituting (3.14) into (3.12), one finds:

∇×
µ

1

µ0µr
·∇×A

¶
= J, (3.15)

In the 2D (planar) case, where the only current density is Jz, with Ax and Ay

constant, only Az is considered resulting in:

Bx =
∂Az

∂y
, By =

∂Az

∂x
. (3.16)

Using (3.15) and assuming isotropy:

∂

∂x

µ
1

µ0µr

∂Az

∂x

¶
+

∂

∂y

µ
1

µ0µr

∂Az

∂y

¶
= −Jz, (3.17)

yields:
∂2Az

∂x2
+

∂2Az

∂y2
= −µ0µrJz, (3.18)

which is called the Poisson’s equation. It should be noted that the components of the
flux density vector B depend only on the gradients of the magnetic vector potential
components, not on the magnitude of it.
The Poisson’s equation (3.18) describes the magnetic field when a planar case

with a perpendicular current carrying conductor is considered.
The Dirichlet and Neumann conditions are common boundary conditions for the

magnetic vector potential. At the interface between two media having different µr the
magnetic vector potential satisfies the continuity conditions A+z = A−z and

1
µ+r

∂A+z
∂n

=

1
µ−r

∂A−z
∂n
.

3.2.3 Finite element analysis (FEA) and software tools

Among the large number of available numerical techniques the finite element analysis
(FEA) has found many powerful applications in engineering. The FEA is a numer-
ical technique for obtaining approximate solutions to boundary-value problems of
mathematical physics. This method has gained widespread acceptance and popular-
ity in modeling and performance analysis of SRMs. The method is a flexible and
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suitable approach that can solve practical problems with complex geometries, non-
linear material properties and boundary conditions. The concept of the method is to
discretize the solution domain into subdomains (elements), in which the solution is
approximated by a simple function. The FEA is mainly based on the minimization of
the so-called energy functional F , which is the difference between the stored energy
and the input energy applied to the system. For electromagnetic systems the energy
functional is:

F =

Z
V

µZ B

0

HdB −
Z A

0

JdA

¶
dV. (3.19)

Two classical methods, the Ritz variational method and the Galerkin method,
form the basis of the modern FEA. Consequently, FEA of a boundary-value problem
includes the following steps:

• domain discretization,

• elemental interpolation (selection of interpolation function),

• formulation via the Ritz method or Galerkin method,

• solution of the system of equations.

Nowadays various software packages for 2D FEA are available. Among them
ANSYS, MAXWELL and FLUX 2D/3D are probably the most popular. With the
current FEA-packages, it is possible to analyze electromagnetic devices such as power
generators, transformers, solenoid actuators, electric machines, etc.
A typical program for FEA can be divided into three parts:

• preprocessing (modeling the problem),

• analysis (numerical solution of the field problem),

• postprocessing (presentation of the results).
The data flowing through the field calculation process and the main structure

of the programs are in general best described by the data flow diagram [72] where
the information, required and produced by the various modules, is presented (see
Fig.3.2).
The FEA-packages use Maxwell’s equations as the basis for magnetic field analy-

sis. The primary unknowns (degrees of freedom), that the finite element solution
calculates, are either magnetic scalar potentials, magnetic vector potentials, or edge
flux [1]. For the analysis of magnetic fields caused by direct current or permanent
magnets (2D static magnetic analysis) the MVP formulation is preferable. Other
magnetic field quantities are derived from the degrees of freedom in the postproces-
sor. Typical quantities of interest in magnetic field analysis are:

• magnetic flux density,

• magnetic field intensity,

• electromagnetic forces and torques (can not be derived directly),

• flux leakage.
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Figure 3.2: Data flow diagram presenting the various modules of the field calculation
program.

3.2.4 Calculation of the static magnetization curves using
FEA

The flux linked to a right hand loop is the surface integral of the flux density, pene-
trating the surface S spanned by that loop:

Φ =

Z
S

n ·BdS =
Z
S

n ·∇×AdS, (3.20)

which results, according to Stoke’s theorem, in:

Φ =

Z
S

n ·∇×AdS =

I
C

l ·Adl. (3.21)

For 2D problems, with no variation of the field in z-direction, (3.21) implies
that the flux between two points is the difference of the magnetic vector potential
multiplied by the depth of the object (in the plane). This is readily seen from:

Φ = d (A1 −A2) , (3.22)

where d - is the depth in the z-direction (Fig.3.3a).
The computation should include the ”partial linkage” effect, meaning that at

certain rotor positions all turns of a coil are not linked to the same flux. In finite
element calculation, this implies that the flux linkage should be calculated as the
integral along the actual conductors, with the coil sides in the finite element mesh
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Table 3.2: Data for building the magnetization curves: flux linkages vs. current and
position.

in their correct positions in the slot (Fig.3.3b). Consequently, the flux linkage is
expressed as:

Ψ = NcLstk

PN
i=1 (Ai1 −Ai2)

N
, (3.23)

where Nc - is the number of turns in one coil, Lstk - is the stack length, N - is the
number of contours used in the postprocessor for calculation of the flux linkage.
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Figure 3.3: (a) Calculation of flux and (b) flux lines.

In the current 2D FEA packages the calculation of phase flux linkages for several
currents and rotor positions can be performed automatically. An example of the
obtained results of such calculation procedure is presented as the array of elements
in Table 3.2 and in graphical form in Fig.3.4.
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Figure 3.4: ”Magnetization surface” in the position range of 0...30 mechanical de-
grees.

3.2.5 Calculation of the static torque curves using FEA

For the calculation of the electromagnetic force acting on some enclosed volume V of
a nonlinear magnetic system, the theory of electromagnetism suggests three general
methods [41] listed below.

Virtual work method (often referred to as ”energy method”)

The basic equation for the force acting in the x direction is:

Fx =

∙
−∂W

∂x

¸
Ψ=const

=

∙
∂W 0

∂x

¸
i=const

, (3.24)

where W - is the magnetic energy and W 0 - is the coenergy.

Maxwell’s stress method

The force is obtained by integrating a simple force-density expression over any
closed surface S surrounding the part on which it acts:

Fs =

I
S

TndS, (3.25)

where Tn - is the stress tensor expressed as:

Tn =
1

µ0µr

³
BBn − 0, 5B2n

´
, (3.26)

where B is the flux density vector in some point on the integration surface, Bn is
the normal component of the flux density, n is the unit vector perpendicular to the
integration surface.
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When the integration path is situated entirely in air (µr = 1) (3.26) takes the
well-known form:

Tn =
1

µ0

³
BBn − 0, 5B2n

´
. (3.27)

Calculation by volume and surface density:

F =

I
V

fdV +

Z
Sp

fsdSp, (3.28)

where f is the volume density of the force, fs is the surface density of the force, Sp
is the surface dividing the regions with different magnetic permeability.
The method of calculation by volume and surface densities can be transformed

to the Maxwell’s stress method when there are no surfaces dividing the regions with
different magnetic permeability crossing the surface enclosing the selected volume.
That is exactly what we have, namely calculating forces acting on the rotor sur-
rounded by air. In this case the second term in (3.28) disappears, and assuming
f = ∇ · Tn and the Gauss’s theorem

H
V
∇ · TndV =

H
S
TndS, we get (3.25).

In the contemporary FEA-packages (ANSYS, FLUX 2D/3D) magnetic forces act-
ing on ferromagnetic materials are computed by elements using the magnetic vector
potential method. The FEA-packages offer two general methods for computing the
magnetic force (torque): the virtual work method and the Maxwell’s stress method
(modifications like Coulomb’s virtual work method exist as well).

Virtual work method

The virtual work method can be used to compute a force or a torque on magnetic
or electric parts surrounded by air. Magnetic forces calculated using the virtual
work method are obtained as the derivative of the energy vs. the displacement of
the movable part. This calculation is valid for a layer of air elements surrounding a
movable part. To determine the total force acting on the body, the forces in the air
layer surrounding it can be summed.
This displacement may not alter the mechanical state of the system. Therefore,

the FEA-packages ensure that the part for which the force or torque is calculated
is totally surrounded by air. Further, it is important to emphasize that the method
supposes that the virtual displacement carried out does not change the saturation
state of the nonlinear materials.
When the forces are small (due to a weak current), the derivative of the energy

becomes very small compared to the total energy and the precision of the computation
decreases. The problem is often called ”the problem of subtracting elephants”. So,
the method has some intrinsic accuracy limitations when implemented in the FEA-
packages.

Maxwell’s stress method
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In some of current FEA-packages [31] the Maxwell’s stress method is applied in
a reduced form. Only the normal component of the flux density, Bn , with respect
to the outline, is used:

Tn =
1

µ0
0, 5B2

nn. (3.29)

This modification of the method is only valid when the permeability of the con-
sidered region is high compared to that of neighboring regions (1/1000).

(a) (b)

Figure 3.5: (a) x-component of the flux density along the rotor pole, (b) color map
of relative magnetic permeability.

In [49] an investigation of the magnetic field in the system of two interactive poles
was performed using the FEA-package ELCUT. It was found that the x-component
of the flux density (producing the tangential force according to (3.26), (3.27) and
(3.29)) has the highest value near the tips of the poles (Fig.3.5a). That means that
the force producing rotation is applied on the tip of the pole and it is very important to
calculate correctly the force distribution near the pole tips. Two different calculations
were performed: the first one with infinite magnetic permeability and the second one
with the real magnetic material. In the second case saturation of the pole tips took
place (Fig.3.5b). It was found that the discrepancy between the values of flux density
in the two cases was 8-12%. Assuming F ∼ B2 the error in the value of force would
be 16-26%. So, the Maxwell’s stress method as it is applied in (3.29) has accuracy
limitations as well.
As the 2D FEA-packages can have accuracy limitations in the calculation of elec-

tromagnetic forces, the analytical procedure is proposed as an alternative in the next
sections of this chapter.
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Figure 3.6: Magnetization curves in the representation Ψ = f(γ) |i=var.

3.3 Analytical calculation of the static character-
istics

3.3.1 Analytical calculation of the magnetization curves of
the SRM

The algorithm for analytical calculation of the magnetization curves proposed by
Miller and McGilp [63] adopted in this thesis with minor modifications is based on the
possibility to calculate the aligned and unaligned magnetization curves by traditional
methods, and on the fact that when the magnetization curves are presented as flux
linkage vs. position with current as a parameter (Fig.3.6) the curves have a particular
formwith a long linear part (constant slope) and can be modelled by special functions.

Calculation of the aligned curve

The flux distribution in the aligned position is quite uniform (Fig.3.7a). The
alignedmagnetization curve can be calculated by a straightforward lumped-parameter
magnetic circuit analysis, with an allowance for the stator-slot leakage, which is es-
pecially significant at high values of flux.

Calculation of the unaligned curve

The unaligned curve is more difficult to calculate because of the complexity of
the magnetic flux paths in this position (Fig.3.7b), but quite practical results are
reported in [63] using a dual-energy method based on a quadrilateral discretization
of the slotted region. The saturation effect in the unaligned position is negligible.
In this thesis a quite straightforward equivalent circuit is used (Fig.3.8a,b). The
magnetic conductivity or permeance of each element of the flux path (Fig.3.8b) is
calculated by the equation:

σ =
µrµ0Lstkte

le
, (3.30)
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(a) (b)

Figure 3.7: Flux distribution in the aligned (a) and unaligned (b) positions. In the
unaligned position a higher resolution of the flux lines is chosen.

where
te - is the average width of the element,
le - is the average length of the element,
µr for the iron parts can be calculated from the B-H curve (µr = B/H where B

and H are the values corresponding to any point on the curve below the part where
saturation begins), µr = 1 for the air elements.
After calculation of all separated conductivities and the total magnetic conduc-

tivity σΣ the unaligned inductance can be found as:

Lu = N2
c σΣ. (3.31)

te

le

one element

(a) (b)

Figure 3.8: (a) Flux distribution in the unaligned position and the main branches of
the equivalent circuit and (b) branches of the equivalent circuit in the air gap.

Calculation of the curves in intermediate positions

At positions between the aligned and unaligned positions, the calculation of in-
dividual magnetization curves is not reliable by analytical methods and the finite
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Figure 3.9: Magnetization curves in the traditional representation Ψ = f(i) |γ=var

element method is desirable. Nevertheless, considerable success has been achieved
with interpolating procedures for magnetization curves at intermediate positions. In
[65] the space between the aligned and unaligned curves is divided into three regions
(Fig.3.9). In each of them the magnetization curves are calculated using different
expressions.
To make the simulation procedures universal for different machine topologies some

transformation of the calculation results is carried out. The position measurement
units are converted from mechanical degrees into electrical radians. Then, the un-
aligned position corresponds to 0 el. radians and the aligned position to π el. radians.
Because the position range where the investigation of transient processes is performed
is usually wider than the range between unaligned and aligned positions, the position
range of 0...π has to be extended, for example to −π/2...3π/2 (Fig.3.10). This will
also improve the quality of interpolation and integration described in section 3.4.1.

3.3.2 Correction for end-effects in the SRM

In general, the 2D FEA approach yields more reliable and accurate results than the
analytical ones. However, when the active length of the electrical machine is small
with respect to its diameter, the 2D numerical model becomes insufficient. The three
dimensional (3D) effects can no longer be neglected. On the other hand, the 3D FEA
approach increases the size of the problem and consequently the computation time
[82].
The purpose of this section is to present a reasonable solution to correct the values

of the flux linkage calculated by 2D methods for any phase current and rotor position
(Fig.3.11). The correction could be done by an appropriate end-effects coefficientKee

which must be a function of motor geometry, phase current and rotor position:

Ψ(i, γ) = Ψ2D(i, γ)Kee(i, γ). (3.32)
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Figure 3.10: ”Magnetization surface” in the extended position range (−π/2...3π/2
electrical radians).

γ

2D

2D

3D

3DΨ

i

Figure 3.11: Magnetization curves Ψ = f (i, γ) calculated analytically: 3D (end-
effects included) and 2D (end-effects neglected) results.
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Figure 3.12: End-windings of a SRM (longitudinal section).

Considering the end-effects in terms of phase inductance one should assume the
following facts:

• the end-windings (Fig.3.12) have their own inductance Lend which must be
added to the inductance L2D of the windings placed in slots which can be
obtained by 2D FEA (L2D = Ψ2D/i );

• the value of Lend is influenced (increased) by the presence of the steel core;

• in the end-regions an axial fringing of the flux takes place.

Using a formulation in terms of the three above factors the phase inductance can
be expressed as:

Lph = (L2D + LendKsi)Kf , (3.33)

where
Lend - is the end-windings self-inductance calculated neglecting the presence of

steel parts,
Ksi - is the steel imaging factor, that accounts for the presence of the steel core,
Kf - is the coefficient that accounts for axial fringing of the flux.
Lend, Ksi, and Kf are functions of motor geometry, phase current i and rotor

position γ.
All the investigations published so far, do not take into account the steel imaging

effect and the dependence of the end-winding inductance on the rotor position. A
new investigation was performed in [59].

Steel imaging factor

Ksi is a function of motor geometry, magnetic permeance of steel (saturation
level) and rotor position. The 3D FEA (Fig.3.13) has shown that the flux created
by the end-windings does not go in tangential direction (between the poles via the
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Figure 3.13: FEA of a 12/8 SRM in aligned position by means of FLUX 3D (courtesy
of V.A. Kuzmichev).

stator yoke parts), and, therefore, the influence of the geometry on the steel imaging
factor can be investigated using the 2D analysis in the longitudinal section. In [58]
it was shown that in the aligned position of the rotor the following equation can be
used for Ksi:

Ksi(a) = 1.1− 0.5
g

hc
+ 0.1

hc
bc
+ 0.2

ys
hc
+ 0.1

hs
hc
, (3.34)

where the variables are specified in Fig.3.12. In most cases it is possible to takeKsi(a)

equal to 1.5.
It was found that for various geometric shapes the steel imaging factor in un-

aligned position Ksi(u) is usually 10% lower than Ksi(a). Further, we can assume that
Ksi changes according to the cosine law, then:

Ksi = Ksi(a) (0.95− 0.05 cos γ) , (3.35)

where γ is the rotor position in electrical degrees (0 - unaligned, π - aligned). The
corresponding graph is shown in Fig.3.14a.

Axial fringing effect

When the rotor is near the unaligned position, the magnetic flux tends to ”bulge
out” in the axial direction. The associated increase in the permeance can increase
the unaligned inductance by 20-30%. The coefficient of flux fringing depends on the
rotor position (Fig.3.14b) and can be estimated as:

Kf = 1 +
1

Lstk

µ
δ + hs sin

µ
γ + π

2

¶¶
. (3.36)

In [59] it was proved that:

• in the aligned position of the rotor the influence of end-effects is negligibly small
(approximately around 1%),
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Figure 3.14: Dependence of the steel imaging factor and the axial fringing coefficient
on the rotor position.

• in the unaligned position:

— the end-winding inductance contributes up to 3-5% to the total inductance
value,

— the steel imaging effect contributes up to 1-2%,

— the axial fringing effect contributes up to 20-30%,

— all above effects contribute 20-35% in total.

In summary, it is recommended to use the following expressions to estimate Kee

in (3.32) for any phase current and rotor position [59]:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Lend = 2NcpN
2
c µ0a ln

³
8a

0.447
√
hcbc
− 2
´

a = (ts + bc) /2
Ksi = 1.5 (0.95− 0.05 cos γ)

Kf = 1 +
1

Lstk

¡
δ + hs sin

¡
γ+π
2

¢¢
Kee =

³
1 + i

Ψ2D
LendKsi

´
Kf

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(3.37)

where Ncp - is the number of coils in one phase.
An example of the influence of end-effects is presented in section 7.4.

3.3.3 Calculation of the static torque curves from the mag-
netization curves

For any given phase current and position of the rotor there exists only one possible
distribution of the electromagnetic field quantities and the electromagnetic forces.
This facilitates the calculation of the static torque curves from the data of the mag-
netization curves.
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For any rotor position γj selected from Table 3.2 the values of the flux linkage
corresponding to that γj can be interpolated by a third order polynomial (Fig.3.15a):

Ψj = aji
3 + bji

2 + cji+ dj (3.38)

W’1(i1 , γ 1)

W’2(i2 , γ2)

(a) (b)

Figure 3.15: Calculation of the coenergy: (a) for a specific current and position and
(b) for various currents and positions.

The coenergy W 0
j.k for the position γj and selected current ik can be calculated

by integration of (3.38) in the range of currents [i0...ik]. If we repeat the procedure
for all positions and all currents in Table 3.2 (Fig.3.15b) we get the coenergy W 0

as a function of the current i and the position γ throughout the complete range of
investigation (Fig.3.16).
If we select any current ik in Table 3.2 and make an interpolation of the coenergy

W 0 along the position axis with a third order polynomial:

W 0
k = akγ

3 + bkγ
2 + ckγ + dk (3.39)

we get the continuous function of W 0
k (Fig.3.17) which can be differentiated in the

position range. Consequently, differentiating the polynomial (3.39), we get the torque

polynomial Tk (Fig.3.18) for the current ik in the position range

Tk = 3akγ
2 + 2bkγ + ck. (3.40)

The proposed procedure is different from that wherein the torque is calculated by
means of

h
∆W 0

∆γ

i
i=const

. The latter approach is inaccurate because, first, the value of

∆W 0 is calculated as a small difference of two large values of coenergy and, secondly,
the ratio

h
∆W 0

∆γ

i
i=const

is just an approximation of the derivative
h
∂W 0

∂γ

i
i=const

.

For a range of regularly spaced currents in Table 3.2 a two-dimensional array
of torques can be created (Fig.3.19a) which can be represented in a graphical form
(Fig.3.19b). This table being transferred to SIMULINK forms the look-up table (see
section 3.4.1).
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Figure 3.16: Coenergy W 0 within the extended position range (−π/2...0...3π/2 elec-
trical radians).
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Figure 3.17: Curve of coenergy W 0
k for one selected current ik.
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Figure 3.18: Torque curve for one selected current ik.
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Figure 3.19: Static torque curves: (a) data as a table and (b) data in graphical form.
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3.4 Reduced analytical model

3.4.1 Block-diagrammodel for simulation of electromagnetic
processes in the SR motor

The phases of a SR motor can be considered as working independently [13]. Conse-
quently, the energy conversion process can be analyzed in one separated phase and
then a superposition of the calculated values should be done to get the total losses,
total torque, etc.
The basic algorithm for simulating the electromagnetic operation of the SR motor

is the time-stepping integration of the voltage equation (3.1):

Ψ =

Z
(v − ir) dt. (3.41)

The terminal voltage is generally known, being a function of the DC-bus voltage
and the states of the switches of the inverter. At the rotor position γ the phase
flux linkage Ψ is obtained by integrating (3.1) over the previous time step, and an
updated value of i must be found from the flux linkage/current/position data (the
magnetization surface in Fig.3.4). The main problem is to have an accurate model of
the magnetization surface, coupled with a fast algorithm for determining the current
when the flux linkage and rotor position are known. For a given rotor position and
the obtained value of current the instantaneous value of the torque can be found from
the static torque curves T = f (i, γ).
The corresponding structure realized in a MATLAB/SIMULINK environment is

presented in Fig.3.20. One can find two blocks called ”look-up tables”:

current=function(flux linkage, position),
torque=function(current, position)

These blocks provide interpolation functions. The first one immediately provides
the phase current i for any values of Ψ and γ, the second one can immediately find
the torque T produced by one phase for any values of i and of γ.

Creation of the matrix i = f (Ψ, γ) as a SIMULINK look-up table

The initial data for this procedure are the magnetization curves (presented as ma-
trix elements in Table 3.2 and in graphical form in Fig.3.4). Not all the magnetization
curves are usually extended up to the same maximum current or flux linkage. This
means that some extrapolation is necessary in order that the matrix corresponding to
the function i = f (Ψ, γ) does not have undefined elements. For the extrapolation a
new point has to be added. The condition for placing the new point is that the shape
of the initial curves in the range 0...imax should not change after the extrapolation.
The chosen point with coordinates Ψext = 1.1Ψmax and iext = 3imax (Fig.3.21) fits
with the condition.
For any selected flux linkage we can get a number of currents corresponding to

the same number of rotor positions (Fig.3.22). For the range of regularly spaced
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Figure 3.20: Core of the reduced model.

Ψ
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Figure 3.21: Magnetization curves within the extended current range (0...3imax).
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Figure 3.22: Currents for a selected flux linkage.

flux linkages we get a two-dimensional array of currents (Fig.3.23a), which can be
represented in graphical form (Fig.3.23b). This table being transferred to SIMULINK
forms the look-up table i = f (Ψ, γ) in matrix form.
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Figure 3.23: (a) Two-dimensional array of currents and (b) its graphical presentation.

3.4.2 Modeling the control unit

The block control_system in Fig.3.20 provides the connection (by means of the
SIMULINK S-function feature) between the block-diagram modeling one phase of
the SRM and the MATLAB script containing the control algorithms. A fragment of
this script realizing the voltage control algorithm is presented in Fig.3.24.
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Figure 3.24: Part of the MATLAB script modeling the operation of the control unit.

3.4.3 Calculation of the total torque and torque ripple

The results of the simulation performed with the help of the block-diagram shown
in Fig.3.20 are the instantaneous values (time-traces) of voltage, current (Fig.3.25),
torque and flux linkage.
The time-trace of the total torque is calculated using the principle of superposition

(Fig.3.26).
The torque ripple is calculated as:

Trpl =
Tmax − Tmin

Tmean
100%. (3.42)

All computations are performed with the help of the novel MATLAB-based soft-
ware package called SRD-DASP, presented in Appendix A.

3.5 FEA-based multilevel model for simulation of
electromagnetic processes in a SR motor and
converter as united system

There exists a large amount of programs for simulation of electric circuits and drive
systems [67]. Well-known programs are SimulinkTM , MatrixXTM and SimplorerTM

for block-diagram simulations and SpiceTM and its derivatives for circuit simulations.
Some design centers have their own proprietary software packages for the design of
the SRD. Alternatively, there are available commercial software packages such as
PC-SRD (SpeedTM) [65].
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Figure 3.25: Simulated current and voltage of one phase.

Figure 3.26: Simulated total torque.
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The modeling and simulation programs mainly maintain one type of technique. It
is either a circuit simulation for power electronics, a block-diagram oriented program
for the electrical machine or mechanical load or a high-level programming language for
the control. A program for modeling and simulation of the entire system, consisting
of the power converters, the electrical machine1, the mechanical load and the control,
is rarely found.
The application of mechatronic systems requires more modeling efforts compared

to modeling regular electronic systems. This is caused by the difference in models for
the electrical machine, the power converter and the control of the drive. The solution
for this problem is a multilevel modeling and simulation program. The combination
of the circuit diagram, block-diagram model and modeling language (Pascal, C) is
called the multilevel model. The simulation package CASPOC [18], [22] exploits this
multilevel model concept. The dynamics of the different subsystems are connected
via the multilevel model and, therefore, the simulation shows the dynamic behavior
of the total system.
The principal problem with the simulation of mechatronic systems is the simu-

lation time. The simulation for the power converter requires a time step of several
microseconds. The dynamics of the drive are mostly in the order of seconds. There-
fore, a large number of time steps is required to simulate the entire behavior of the
total drive system. One of the essential requirements for the simulation program
is that the simulation has to be very fast. This is achieved by applying special
ideal models for semiconductor devices. The CASPOC software provides these ideal
models.
The first multilevel model of a SRD was included in CASPOC as an example [23].

The model used a simplified linear model of the SRM and did not take into account
the supply network and rectifier. Therefore, it could be used for educational purposes
only. The multilevel model presented in this thesis (Fig.3.27) is more advanced.
The improvements are first of all in the machine model. The block-diagram

described in section 3.4.1 - core of the reduced model - was used for modeling of
the SRM (one block-diagram for one phase). So, the processes in all phases are
modeled simultaneously. The magnetization curves and the static torque curves for
the multilevel model may be calculated analytically or imported from measured data
or finite-element calculations.

The other drive components are modeled as follows:

• The differential equation describing the dynamics of the mechanical part is mod-
eled by a block-diagram. A time function for the load torque can be entered,
or an additional equation can be built which describes the relation between, for
example, the load torque, the inertia, the friction and the angular frequency.

• The power converter and the supply network are modeled in a circuit diagram.
Only the interconnections between the elements in the circuit must be given.
This provides an opportunity to model converters of various topologies. There

1The model of electrical machine should not be fixed and too simplified.
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Figure 3.27: Multilevel model of the SRD.

are special idealized models for semiconductor switches available which require
minimum simulation time.

• The digital control is described in the modeling language. The firing of the
switches in the power converter is made dependent on the position of the rotor.

The models of all the drive components are coupled in one multilevel model. Two
numerical methods are used for the numerical integration of the differential equa-
tions in the models. The differential equations for the inductors and capacitors in
the circuit diagram are numerically integrated using the trapezoidal method. The in-
tegrators in the block-diagram and the modeling language are numerically integrated
using the Runge Kutta 4th order routine.
Some effects which can not be investigated and some characteristics which can

not be calculated with the help of the reduced model are taken into account in the
multilevel model.
The effects are:

• the electrical coupling of adjacent phases via the DC-bus,

• the process of turning the IGBT / MOSFET on and off,

and the characteristics are:

• the total harmonic distortion (THD),

• the power factor of the drive.

A novel software package called CASPOC-SRD exploiting the multilevel concept
has been created with the direct participation of the author of this thesis [60]. Two
screen-shots of CASPOC-SRD are shown in Fig.3.28 and 3.29.
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Figure 3.28: CASPOC-SRD: Motor data entry and simulation of a 8/6 SRD.
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Figure 3.29: Simulation results in digital and graphical form.



3.6 Conclusion 67

Analytical calculation of
from corrected Ψ = f i( , )γ

),( γifT =

Calculation of                        by FEA

Correction of for end-effects 
by analytical expressions

Ψ = f i( , )γ

Ψ = f i( , )γ

Figure 3.30: Recommended procedure for the calculation of static torque curves.

3.6 Conclusion

As it was stated in section 3.2.5 the electromagnetic forces acting on the iron parts
of a SRM can not be calculated with high accuracy by means of the contemporary
2D FEA packages due to two reasons:

• the 2D analysis does not take into account the influence of end-effects;

• the modifications of the classical method for the calculation of electromagnetic
forces as they are realized in the contemporary 2D FEA packages, have accuracy
limitations:

— the virtual work method gives inaccurate results at weak excitation cur-
rents because of the problem of ”subtracting elephants” typical for small
values and numerical techniques (section 3.2.5);

— in some of the packages the Maxwell’s stress tensor method is implemented
in a reduced form making its application impossible for highly saturated
systems [31].

Miscalculations of electromagnetic forces by the 2D FEA packages are analyzed in
section 7.4. Yet, as it will be shown is the same chapter, the calculation of the static
magnetization curves in the planar case by the 2D FEA is a reliable and accurate
method. In this case, the most reliable way to obtain the static torque curves with
high accuracy is to follow the procedure outlined in Fig.3.30.
Two novel models have been introduced in this chapter. The reduced model is a

”one-phase model”; it does not take into account the magnetic and electric coupling
of the SRM phases, the commutation processes in the converter and the mutual
influence between the supply network, the SRD and the load. For each selected
design the magnetization curves are calculated analytically using a modification of
the method of Miller and McGilp [63] presented in section 3.3.1. The end-effects are
taken into account with the help of expressions presented in section 3.3.2. The static
torque curves are calculated according to the procedure proposed in Fig.3.30. The
main advantage of the reduced model is the low computation time. One simulation
takes less than one second (on a Pentium IV, 2.4 GHz).
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The FEA-based multilevel model is destined for comprehensive analysis of the
design found to be optimal with the help of the reduced model. This analysis includes
the investigation of the mutual influence supply network - power converter - SRM
and load. The multilevel model analyses all phases simultaneously. The multilevel
model is based on reliable information about the magnetic system of the machine
obtained by means of FEA. The static torque curves are calculated according to the
procedure proposed in Fig.3.30 exactly in the same manner as in the reduced model.
The atonement for the reliability and accuracy is a high computation time.
The instantaneous electromagnetic values calculated in the reduced or multilevel

model can be used for the estimation of losses in the drive. This procedure is pre-
sented in the next chapter.



Chapter 4

Losses and efficiency

4.1 Introduction

In order to estimate the efficiency and the thermal behavior of the machine accurately,
much attention must be paid to the calculation of the losses. The loss components
of the machine can be summarized as:

Ploss.m = PCu + PFe + Pmech, (4.1)

where PCu, PFe, Pmech are copper losses, core (iron) losses and mechanical losses,
respectively. These components are successively dealt with in sections 4.2 to 4.4.
To estimate the efficiency of the complete drive an estimation of the losses in the
electronic converter has also to be done. This procedure is considered in section 4.5.
Finally, in section 4.6 the variation of all loss components as a function of the speed
is shown and expressions for the calculation of the efficiency of the drive system are
given.

4.2 Copper losses

As for any other motor the copper losses can be calculated from the I2R products
for all the phase windings, where R is the effective resistance of one phase winding.
R is greater than the DC resistance (typically by a few percent [64]) because of both
skin- and proximity effects.
The resistance of the conductor is a function of the temperature as:

R (T2) = R (T1) [1 + αT1 (T2 − T1)] , (4.2)

where αT1 is the temperature coefficient at a particular temperature T1 (for T1 = 20
oC

the temperature coefficient of copper α20 equals 0.0039 oC−1). If we do not take the
skin- and proximity effects into account, the resistance of a coil is:

RDC =
Nclturn
σAc

[1 + α20 (T − 20)] , (4.3)

where
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Nc - is the number of turns in a coil,
σ - is the conductivity of the winding material,
Ac - is the cross-sectional area of one conductor,
lturn - is the mean length of a turn.
The mean length of a turn is written as:

lturn = 2Lstk + ts
³π
2
+ 2
´
+

π2 (Dr + 2δ)

2Ns
, (4.4)

where
Lstk - is the stack length,
ts - is the stator tooth width,
Dr - is the rotor outer diameter,
δ - is the air gap,
Ns - is the number of stator poles.
The magnetic field is bulging out of the stator teeth into the slots. The distribu-

tion of this fringing flux in the slots is quite complex. Moreover, the flux is alternating
with time. Therefore, the conductors in a slot are exposed to an alternating magnetic
field and the intensity of the field in different parts of the slot is not the same. This
is the reason of the appearance of eddy currents and consequently skin effect. The
value of the eddy currents in a separated conductor is dependent on the proximity of
the conductor to the steel core. In addition, the magnetic field created by any single
conductor influences other conductors - this is called the proximity effect.
To estimate the influence of skin- and proximity effects with high accuracy the ap-

plication of numerical analysis of the magnetic field is desirable. For rapid analytical
calculations J. Reinert proposed an approach [77] with a special representation of the
winding in a slot (Fig.4.1). According to this representation the winding consists of
several layers of copper. The layers are constructed as follows: firstly, round conduc-
tors are replaced by square conductors with the same cross-sectional area, secondly,
the square conductors are assembled into layers. Finally, each layer is stretched to
be equal to the winding width b. The equivalent conductivity of the stretched layer
is found as:

σeq = σηw, (4.5)

where ηw = b0/b.

According to the proposed representation the DC resistance can be calculated as:

RDC = RDC(20) [1 + α20 (T − 20)] , (4.6)

where

RDC(20) =
NLlturn

nLηwσeqb
2
=

NLlturn
nLσb02

, (4.7)

NL - is the number of layers,
nL - is the number of conductors in one layer.
The waveform of the currents in the windings of the SRM is non-sinusoidal

(Fig.4.2a). Such currents and the corresponding losses can be dealt with using Fourier
analysis. The harmonic components of the current waveform presented in Fig.4.2a
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current waveform.
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are obtained with the help of Fast Fourier Transform and are shown in Fig.4.2b.
Losses should be calculated for every harmonic component separately.
The final comprehensive expression for the calculation of copper losses in the

SRM, taking into account the fundamental and n higher harmonic components of
the phase current, is

PCu = Ns

nX
k=1

Ĩ2kRDC

∙
WSk

µ
d · ηw
δk

¶
+
4n2L − 1
3

WPk

µ
d · ηw
δk

¶¸
, (4.8)

where

WSk

µ
d · ηw
δk

¶
=

d

2δk

sinh
³
d·ηw
δk

´
+ sin

³
d·ηw
δk

´
cosh

³
d·ηw
δk

´
− cos

³
d·ηw
δk

´ (4.9)

is the factor which accounts for the losses due to the skin effect,

WPk

µ
d · ηw
δk

¶
=

d

2δk

sinh
³
d·ηw
δk

´
− sin

³
d·ηw
δk

´
cosh

³
d·ηw
δk

´
+ cos

³
d·ηw
δk

´ (4.10)

is the factor which accounts for the losses due to the proximity effect,

Ĩk =

s
1

T

Z T

0

i2kdt (4.11)

is the root-mean-square value of the k-th harmonic current, and

δk =
1√

πfkσµ
(4.12)

is the skin depth in copper for the k-th harmonic current.
The slots of low- and medium-speed motors have to be filled with small-diameter

conductors in order to decrease the eddy-current losses that may occur in the windings
at high frequencies. A high number of turns is possible in motors working at moderate
speeds because the back-emf, which is proportional to the product of the speed and
the number of turns, is not high there. For high-speed motors wound with a small
number of turns in order to prevent the appearance of high back-emf the skin depth
can be smaller than the single conductor radius, and skin effect can become a problem.
One of the possible solutions in this case is using the Litz wire, thus decreasing the
diameter of a single conductor.

4.3 Core losses

Core losses in SRMs are relatively low, even though the switching frequency is higher
than in AC motors of the same speed and comparable pole number, and the flux
waveforms in various parts of the magnetic circuit are non-sinusoidal [64]. However,
the core losses comprise a part of the total losses in the SRD, which cannot be
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neglected, and in high-speed applications they even become the dominant component
of the total losses.
For a wide variety of machines the core losses can be calculated using Steinmetz

equation:
pFe = Cmf

αB̂β, (4.13)

where
pFe - are the specific losses (per kg), B̂ - is the peak value (amplitude) of the flux

density, Cm , α and β - are constants, derived experimentally for an individual steel
type. The principal limitation of the Steinmetz equation is the prerequisite that the
flux waveforms in the machine cores must be sinusoidal.
In a SRM, however, the flux waveforms are non-sinusoidal and different parts of

the magnetic circuit have different waveforms. Moreover, the effect of PWM, the
existence of a DC-component in the flux waveform and the magnetic saturation have
to be taken into account when calculating the core losses in a SRM.
Nevertheless, some authors (for example [56]) try to apply the conventional Stein-

metz equation and propose methods of estimation of the core losses in SRM, using a
superposition of the harmonic components of the flux density waveforms.
Another widely used approach [37], [64] implies the separation of core losses into

hysteresis and eddy-current losses:

pFe = phFe + peFe = ChfB̂
a+bB̂ +

Ce

2π2

µ
dB

dt

¶2
, (4.14)

though a few authors (for example [77], [78]) assert that the separation has no physical
base and, therefore, is not reasonable.
The approach proposed in this thesis is a modification of J. Reinert’s concept [77]

based on the term ”equivalent frequency” (Fig.4.3). According to this concept, the
core losses can be calculated using a modified Steinmetz equation:

pFe = fsinCmf
α−1
eq B̂β, (4.15)

where fsin = 1
T
; Cm , α and β - are the coefficients used in the conventional Steinmetz

equation (4.13).
The equivalent frequency feq is different for different parts of the machine cores.
In [25] a comparison of the modified Steinmetz equation and the harmonic super-

position method was done. The results presented in Fig.4.4 show a better accuracy
of the modified Steinmetz equation approach.
The total core losses can be found by summing the losses in various parts of the

SRM:
PFe = pspmspNs + psymsy + prpmrpNr + prymry, (4.16)

where psp, psy, prp, pry - are the specific losses (per kg) in stator pole, stator yoke,
rotor pole and rotor yoke, respectively; Ns and Nr - are the numbers of stator and
rotor poles; msp , msy, mrp, mry - are the masses of stator pole, stator yoke, rotor
pole and rotor yoke, respectively.
A reconstruction of the flux paths and flux waveforms is performed in Figures 4.5

and 4.6, respectively. It can be seen, that in the stator poles and stator yoke parts
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Figure 4.5: Flux paths in various parts of the magnetic circuit for a three-phase 6/4
SR machine (sequential excitation of three phases).

marked ’SY1 ’ the flux has always the same direction, while in the rotor poles, rotor
yoke and stator yoke parts marked ’SY2 ’ the flux changes its direction.
Detailed expressions for the calculations of the specific losses in all parts of the

cores are given below.

Specific losses in the stator yoke

The specific losses are calculated as:

psy = fsinCm

Ã
2fα−1eqsub

µ
Bsub

2

¶β

+ 2fα−1eq0 B̂β
sy

!
, (4.17)

where the equivalent frequencies are calculated as:

feq0 =
1

π2B̂2
sy

⎛⎜⎝ B2
sub

tshift − tfall
+

B2
sub

tshift − trise
+

4
³
B̂sy −Bsub

´2
trise + tfall − tshift

⎞⎟⎠ , (4.18)

feqsub =
2

π2

µ
1

tshift − tfall
+

1

tshift − trise

¶
, (4.19)

where B̂sy =
B̂spts
2ys
, B̂sp =

Φ̂sp
tsLstk

, Bsub = B̂sy

³
2tshift

trise+tfall
− 1
´
. Time intervals trise, tfall

and tshift are specified in Fig.4.7.
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Specific losses in a stator pole

The specific losses are calculated as:

psp =
Nrn

60
Cmf

α−1
eq

Ã
B̂sp

2

!β

, (4.20)

where
n - is the rotor speed in rpm,

feq =
2

π2

µ
1

trise
+

1

tfall

¶
. (4.21)

Specific losses in a rotor yoke

The specific losses are calculated as:

pry =
n

60
Cm

Ã
K1f

α−1
eqsub

µ
Bsub

2

¶2
+K2f

α−1
eq0 B̂β

sy

!
, (4.22)

where
K1 = 14, K2 = 5 for a 8/6 SRM,
K1 = 6, K2 = 3 for a 6/4 SRM,
K1 = 12, K2 = 6 for a 12/8 SRM.
The equivalent frequencies feq0 and feqsub are calculated as for the stator yoke

(see (4.18) and (4.19)).

Specific losses in a rotor pole
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The specific losses are calculated as:

prp =
Nsn

60
Cmf

α−1
eq

Ã
B̂sp

2

!β

, (4.23)

where feq is calculated as for the stator pole (see (4.21)).

4.4 Mechanical losses

The mechanical power required to circulate the air around the cooling circuit is a
significant loss in an air-cooled machine and has a significant influence upon the effi-
ciency of such machines. The designer must therefore make every effort to minimize
the windage loss and to maximize cooling.
I.P. Kopylov in [46] proposed an equation for mechanical losses, comprising cooling

fan windage losses and motor bearings friction losses:

Pmech = K
³ n

10

´2
D4

s , (4.24)

where K = 1 for induction motors with 2 poles, K = 1.3 (1−Ds) for induction
motors with pole number higher than 2, n - speed (rpm), Ds - stator diameter (m).
In the same book, Kopylov proposed curves (Fig.4.8) for the estimation of mechanical
losses in totally enclosed forced-cooled (TEFC) machines (with shaft-mounted fan).
The expression (4.24) can also be used for TEFC SRMs [13].

4.5 Converter losses

Losses in the converter are comparable to those in the SRM and at low speeds they
can be even higher than the losses in the machine. It is important to calculate both
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total converter losses and losses in each power element separately. The value of total
losses is used for the calculation of the drive efficiency, while the values of losses
in the separated components are used to assess whether the chosen components are
capable of withstanding the electrical as well as thermal load.
Two inverter circuits are considered in this study - the classical asymmetric half-

bridge and one of its modifications with shared switches. The circuits have been
described in section 1.3.2 in Figures 1.7 and 1.8, respectively.
The losses in the inverter with 2 transistors per phase (Fig.1.7) can be calculated

as:

Pinv = Nph
(ES1 +ES2 +ED1 +ED2)

∆t
, (4.25)

where
Nph - is the number of phases,
∆t = 60/nNr - is the time of simulation (Fig.4.10) corresponding to the effective

torque zone ∆γ = π/Nr [64],
ES1, ES2, ED1, ED2 - is the heat energy dissipated during the time of simulation

by the upper transistor S1, lower transistor S2, upper diode D1 and lower diode D2,
respectively.
Losses in the semiconductor devices can be divided into steady-state conduction

(Ec) and switching (Eon, Eoff) losses (Fig.4.9).
At present, designers use either IGBTs or MOSFETs in the converters for a

SRD. Therefore, calculation methods for both switch types have to be elaborated.
The losses in the inverter can be presented as a sum of losses in the phase-legs. The
current waveforms in one phase-leg of the inverter are shown in Fig.4.10.

Estimation of the energy dissipated by an IGBT

To calculate the energy dissipated by an IGBT both in the conducting state and
during switching the following parameters are needed:
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• Collector-emitter (direct) voltage VCE.

• Collector-emitter saturation voltage VCE(sat).

• Continuous collector current IC (at casing temperature of 90 oC).

• Rated energy dissipation during the turn-on time Eon.

• Rated energy dissipation during the turn-off time Eoff .

The parameters are provided by the transistor manufacturers (Appendix D).
The energy dissipated in the conducting state is:

Ec
IGBT = VCE(sat)ICtcond, (4.26)

where tcond - is the duration of the conducting state.
The energies dissipated at the turn-on and the turn-off are:

Eon
IGBT = Eon V I

VrefIref
, (4.27)

and
Eoff
IGBT = Eoff V I

VrefIref
, (4.28)

respectively, where
V - is the actual voltage across the transistor before the turn-on (see Fig.4.9),
I - is the final value of the actual current which is achieved after the turn-on,
Iref = IC ,
Vref = VCE.

Estimation of the energy dissipated by a MOSFET

To calculate the energy dissipated by a MOSFET the following parameters are
needed:

• Drain-source voltage VDS.

• Drain-source on-resistance RDS(on).

• Peak value of pulsed drain current IDM .

• Rated energy dissipation during the turn-on time Eon.

• Rated energy dissipation during the turn-off time Eoff .

The energy dissipated in the conducting state is:

Ec
MOSFET = I2DMRDS(on)tcond, (4.29)
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The energy dissipated at the turn-on and the turn-off are:

Eon
MOSFET = Eon V I

VrefIref
, (4.30)

and

Eoff
MOSFET = Eoff V I

VrefIref
, (4.31)

respectively, where Iref = IDM , Vref = VDS.

Heat energy dissipated by the upper transistor S1

The total energy ES1 can be calculated asNPuls pulses times the dissipated energy
per pulse which is the sum of Eon

S1, E
c
S1 and E

off
S1 dissipated at the turn-on, conduction

period and turn-off, respectively (one pulse is shown in Fig. 4.11a):

ES1 =

NPulsX
j=1

³
Eon
S1 +Ec

S1 +Eoff
S1

´
, (4.32)

The components of (4.32) are:

Eon
S1 =

(VDC + Vd) i
j
2E

on

VrefIref
, (4.33)

Ec
S1 = VCE(sat)

¡
ij1 + ij2

¢
2

¡
tj2 − tj1

¢
(4.34)

- for IGBT,

Ec
S1 = R2DS(on)

Ã¡
ij1 + ij2

¢
2

!2 ¡
tj2 − tj1

¢
(4.35)

- for MOSFET,

Eoff
S1 =

(VDC + Vd) i
j
1E

off

VrefIref
, (4.36)

where
Vref = VCE , Iref = IC for IGBT,
Vref = VDS, Iref = IDM for MOSFET,
Vd - is the diode direct voltage drop (usually Vd = 1V ).
The currents i1 and i2 are depicted in Fig.4.11a.

Heat energy dissipated by the lower transistor S1

The energy dissipated by the lower transistor can be calculated using the same
principle as for the upper transistor:

ES2 = Eon
S2 +Ec

S2 +Eoff
S2 , (4.37)
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but the component Ec
S2 is calculated in a different manner, because there is only one

stroke (pulse) (Fig. 4.11b):

Ec
S2 = VCE(sat)

Z t4

t3

iS2(t)dt (4.38)

- for IGBT,

Ec
S2 = RDS(on)

Z t4

t3

i2S2(t)dt (4.39)

- for MOSFET.

Heat energy dissipated by the upper (free-wheeling) diode D1

It can be assumed [67] that switching losses take place only in the transistors.
Many measurements carried out on various combinations of diodes have shown that
the turn-on and turn-off of the diode happens so fast that no considerable losses are
produced [77].
The energy dissipated by the upper diode (Fig.4.11c) is only the steady-state

energy dissipation and can be calculated as:

ED1 = Ec
D1 = Vd

Z t5

t4

iD1(t)dt. (4.40)

Heat energy dissipated by the lower diode D2
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The energy is calculated similar to that of the upper transistor (Fig.4.11d), but
only the steady-state energy dissipation is taken into account:

ED2 = Ec
D2 =

NPulsX
j=1

Vd

¡
ij1 + ij2

¢
2

¡
tj6 − tj2

¢
. (4.41)

Correction for the real PWM carrier frequency

The PWM carrier frequency used in SRD-DASP (the package described in Ap-
pendix A) cannot be higher than 2-3 kHz because at the higher switching frequencies
the reduced (SIMULINK) model becomes slowly and unreliable. However, the PWM
frequency normally used in practice is 10-20 kHz. Therefore, a special correction has
to be made to account for this discrepancy:

E
on/off
S1 = E

on/off
S1

fpracticepwm

fmodelpwm

, (4.42)

The correction is made only for the heat energy produced by the upper transistor.

Energy dissipation in the ”shared” transistor

For the ”shared” transistor (Fig.1.8) the dissipated energy, calculated in (4.33),
has to be multiplied by two:

Eshared
S1 = 2ES1, (4.43)

This double heat dissipation has to be taken into account when selecting the
rating of the ”shared” transistor.

Losses in DC-link, rectifier and input EMI-filter

The losses in the converter DC-link, rectifier and input EMI-filter are not con-
sidered here in details. Due to the fact that the rectifier and the DC-link of a SRD
converter are very similar to those of a frequency converter for induction motors, the
losses in these components can be estimated using the information published by AC-
drives manufacturers. The total losses in the DC-link, rectifier and input EMI-filter
are estimated at 1% of the output (shaft) power of the drive.
Thus, the total losses in the converter are:

Ploss.c = Pinv + 0.01Pout, (4.44)

4.6 Total losses and efficiency

The drive efficiency can be calculated as:

η =
Pout

Pout + Plosses
, (4.45)
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where
Pout - is the machine output (shaft) power,
Plosses - is the sum of the power losses in the machine and converter: Plosses =

Ploss.m + Ploss.c.
Different loss components dominate at different speeds. Usually at low speeds the

converter losses or the copper losses, at medium speeds the core losses, at high speeds
(higher than 10000 rpm) the mechanical losses. Though, the dominance depends on
many factors. One example of the variation of loss components with increase of
speed is shown in Fig.4.12a. The control parameters (turn-on angle, dwell interval
and current limit)1 are optimized (the optimization principle is described in chapter
8). It should be noticed that the loss components are normalized to the total input
power of the drive at given speed. One can see that the core losses grow with increase
of the speed while the inverter losses decrease (Fig.4.12a).
However, when the control parameters are kept constant (optimization is not ap-

plied) the picture is different (Fig.4.12b): the copper losses dominate more explicitly,
while the core losses have lower values.
When the control parameters are optimized the normalized motor losses P 0

loss.m

are lower at speeds below the rated one (1500 rpm):

• optimized control parameters:

— at 500 rpm P 0
loss.m = 0.115,

— at 1000 rpm P 0
loss.m = 0.063,

• constant control parameters:

— at 500 rpm P 0
loss.m = 0.19,

— at 1000 rpm P 0
loss.m = 0.08.

It is important to have low losses at low speeds, as the heat removal capability in
the machine with a shaft-mounted fan is reduced at low speeds.
The variation of the losses in two drives of the same design except the winding

material is shown in Fig.4.13a and b. It can be seen that the winding losses are
higher in the drive with aluminium winding and dominate all other losses.
When a semiconductor device with high switching losses is used the inverter losses

can become the dominant losses (Fig.4.14).
It should be noticed that the mechanical losses are increasing with the speed in

Figures 4.12-4.14. At higher speeds these losses can become dominant.

4.7 Conclusion

The losses in a SRD can be calculated based on the time-traces of phase current,
voltage and flux linkage obtained by simulation with the help of the reduced or
multilevel model. The losses are dependent on many factors including:

1The control parameters are introduced in section 8.7.
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Figure 4.12: Losses/input power vs. speed. Switch type IXGH12N60C; (a) optimized
control parameters and (b) constant control parameters.
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Figure 4.13: Losses/input power vs. speed. Switch type IXGH12N60C; (a) copper
winding and (b) aluminum winding.
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Figure 4.14: Losses/input power vs. speed. (a) IGBT IXGH12N60C and (b) MOS-
FET FS10KM-12Q.
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• winding material,

• switch type,

• steel type,

• control algorithm (voltage PWM or current control) and control parameters,

• operational speed.

The losses in different parts of the machine act as heat sources and define its
thermal behavior. Therefore, the accurate calculation of the losses is very important
for the correct estimation of the thermal behavior. The analysis of the thermal
processes in the SRM is presented in chapter 5.





Chapter 5

Thermal analysis of switched
reluctance machines

5.1 Thermal analysis with the help of an equiva-
lent thermal circuit

As it was stated in chapter 2 the proposed multidisciplinary model is intended for
the steady-state analysis. Therefore, the transient analysis of the thermal behavior is
not needed. The main purpose of the thermal analysis is to provide a designer with
two values:

• the highest temperature in the motor winding Ths (hot-spot) and the corre-
sponding temperature rise (with respect to the ambient),

• the average temperature of the winding Tav.

The first value is critical for the safe operation of the motor insulation, determines
the class of insulation and the possible load of the drive. The second one influences
the winding resistance and, consequently, the losses. The increase in the winding
temperature raises the resistance of the windings: a 50 oC rise by 20 %, and a 135
oC rise by 53 %, raising the I2R losses by the same amount if the current remains
the same [64].
It is obvious that the exact determination of the thermal behavior of the machine

is impossible due to many variable factors, such as unknown loss components and
their distribution, the complex character of the air flow inside the machine and the
three-dimensional complexity of the problem. Yet, prior knowledge of the order of
magnitude of the hot-spot and the average winding temperature is necessary.
There are various numerical techniques to analyze the thermal behavior of an elec-

trical machine such as finite difference method, finite element method [83] and the
thermal equivalent of electromagnetic FEA - computational fluid dynamics method
[85]. Nevertheless, the computation time spent on the 3D analysis and the loss of
accuracy due to a 2D cross-section simplification make these numerical methods un-
desirable. The lumped circuit approach is an efficient alternative to the numerical
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conduction
convection and
radiation

Figure 5.1: Main heat fluxes in a SRM.

techniques. It has a clear advantage over the numerical techniques in terms of cal-
culation speed. The nearly instantaneous calculation capabilities of this technique
make it possible to include the thermal analysis into the iterative procedures of the
design optimization. The basic strengths of the numerical technique lie in the devel-
opment of analytical expressions for the convection heat-transfer mechanism for use
in the lump-circuit analysis [85], rather than carrying out the thermal analysis itself.
The main directions of the heat flows in a SRM are shown in Fig.5.1. The tem-

perature distribution and the heat fluxes in the machine can be found with the help
of the equivalent lumped-parameter thermal circuit shown in Fig.5.2. The equivalent
thermal circuit contains the following elements:
Heat sources. These are represented as arrows, entering and outgoing some

nodes of the circuit:

• stator copper loss PCu,

• stator core loss (including one half of the windage loss) PFeS,

• rotor core loss (including the other half of the windage loss) PFeR,

• bearings friction loss PB.

These heat sources or losses are calculated during the calculation of the machine
performance at a single load point.
Thermal resistances. These circuit elements represent the three means of heat

removal from a machine - conduction, convection and radiation:

• RFAT for the heat dissipation from the frame to the ambient by natural con-
vection, forced convection and radiation,

• RRST for the heat transfer through the air gap by forced convection and radi-
ation,
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Figure 5.2: Equivalent lumped-parameter thermal circuit (T-network) of a SRM.
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• RSFU for the heat transfer from the stator laminations to the frame by conduc-
tion,

• RWFT for the heat transfer from the end-windings to the frame by forced con-
vection and radiation,

• RWSU for the heat transfer from the windings to the stator through the liner
by conduction,

• RRHU for the heat transfer from the rotor laminations to the bearings by con-
duction,

• RBFU for the heat transfer from the bearings to the frame by conduction,

• RRFT for the heat transfer from the rotor laminations to the frame by forced
convection and radiation.

The equivalent circuit was created with two principal assumptions:

• The temperature is assumed to be equal in all parts of each of the following
construction elements: stator, rotor, frame, shaft.

• The temperature of the outer layer of the coil Tol is the same at all sides of the
coil (explained in section 5.5).

5.2 Mathematical description of the heat transfer
mechanisms

The mathematical expressions describing the heat removal mechanisms as well as the
theoretical base for the calculation of heat transfer coefficients are presented in this
section.

Conduction

The conduction equation (Fourier’s law) for a block of thickness l and area A is:

P

A
= λ

(T1 − T2)

l
, (5.1)

where P - is the heat rate [W], P
A
- is the heat flux [Wm−2], λ - is the thermal

conductivity [Wm−1 oC−1] which is a characteristic of a material, T1 − T2 - is the
temperature difference across the block.
The thermal resistance for conduction is:

R =
T1 − T2

P
=

1

Ah
= λ−1

l

A
, (5.2)

where h - is the conduction heat transfer coefficient:

h =
λ

l
. (5.3)
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Radiation

Radiation is described by the Stefan-Boltzmann equation:

P

A
= σεfw

¡
T 41 − T 42

¢
, (5.4)

where
σ = 5.67 · 10−8 [Wm−2K−4] - is the Stefan-Boltzmann constant,
ε - is the radiative property of the surface called the emissivity (practical rule of

thumb is to take ε = 0.8),
fw - is the view factor,
T1 - is the absolute temperature of the radiating surface,
T2 - is the absolute temperature of the surroundings radiating back to the motor,
A - is the area of radiation.
The thermal resistance for radiation is:

R =
T1 − T2

P
=

1

Ah
, (5.5)

where
h - is the radiation heat transfer coefficient:

h =
σεfw (T

4
1 − T 42 )

T1 − T2
. (5.6)

When the heat exchange by radiation occurs between two surfaces the heat trans-
fer coefficient is calculated as:

h =
σfw (ε1T

4
1 − ε2T

4
2 )

T1 − T2
, (5.7)

where
ε1 and ε2 - are the emissivities of the surfaces,
fw = 1 if the surfaces are placed opposite to each other.

Convection

The rate at which the heat is removed by convection is governed by Newton’s
law:

P

A
= h (T1 − T2) , (5.8)

where (T1 − T2) - is the temperature difference between the surface being cooled
and the cooling medium. The value of the convection heat transfer coefficient h
depends on the viscosity, thermal conductivity, specific heat, and other properties of
the coolant.
Convection coefficients (and the corresponding thermal resistances) are most dif-

ficult to calculate and most of them require measured values [65]. However, an esti-
mation of the coefficients is possible with the help of empirical expressions proposed
by various authors.
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The set of dimensionless numbers that is usually used when calculating the con-
vection heat transfer coefficients, is:

Reynolds number (ratio of the inertia force and viscous force):

Re =
ρνL

µ
, (5.9)

where
ρ - is the fluid density [kgm−3],
µ - is the fluid dynamic viscosity [kgs−1m−1],
ν - is the fluid velocity [ms−1],
L - is the characteristic length of the surface [m].

Grashof number (ratio of the buoyancy force and viscous force):

Gr =
βgθρ2L3

µ2
, (5.10)

where
β - is the coefficient of cubical expansion of fluid [oC−1],
g - is the gravitational force of attraction [ms−2],
θ - is the temperature difference between surface and fluid [oC].

Prandtl number (ratio of the momentum and thermal diffusivity for fluid):

Pr =
Cpµ

λ
, (5.11)

where
Cp - is the specific heat capacity of fluid [Jkg−1 oC−1],
λ - is the thermal conductivity of fluid [Wm−1 oC−1].

Nusselt number (convection/conduction heat transfer in fluid):

Nu =
hL

λ
. (5.12)

The Nusselt number is most often used for the calculation of the convection heat
transfer coefficient h [Wm−2 oC−1]:

h =
λNu

L
. (5.13)

The corresponding thermal resistance is:

R =
1

Ah
, (5.14)

where A - is the area from which the heat is removed by convection.
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Figure 5.3: Cooling arrangement (air flow and heat removal mechanisms) of a TEFC
motor.

The general form of the convection correlation for natural convection is:

Nu = a (GrPr)b , (5.15)

where a and b - are constants, Gr · Pr = Ra - is the Rayleigh number.
The general form of the convection correlation for forced convection is:

Nu = a (Re)b (Pr)c , (5.16)

where a, b and c - are constants.

5.3 Heat-transfer coefficients and thermal resis-
tances

5.3.1 Heat removal from the machine surface

The mechanisms of heat removal are not the same on different sides of the machine
frame (Fig.5.3). The total thermal resistance RFAT (see Fig.5.2) corresponding to the
heat dissipation from the frame to the ambient consists of the resistances accounting
for the heat transfer from the separate parts of the frame:

RFAT =
¡
R−11 +R−12 +R−13

¢−1
, (5.17)

where R1 - is the resistance to the heat transfer from the front-end shield, R2 - is the
resistance to the heat transfer from the finned housing, R3 - is the resistance to the
heat transfer from the rear-end shield.
Some practical expressions used in this thesis for calculation of the resistances are

given below.
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Front-end shield:
R1 =

¡
R−1r1 +R−1nc1

¢−1
, (5.18)

where
Rr1 - is the resistance to the heat transfer by radiation, Rnc1 - is the resistance to

the heat transfer by natural convection.
Rr1 is calculated with the help of (5.5) and (5.6). Rnc1 is calculated using (5.14),

assuming that the heat transfer coefficient for natural convection is [40]:

hnc1 = 14 Wm−2 oC−1. (5.19)

Finned surface of the housing:

R2 =
¡
R−1r2 +R−1fc2

¢−1
, (5.20)

where
Rr2 - is the resistance to the heat transfer by radiation, Rfc2 - is the resistance to

the heat transfer by forced convection.
Rr2 is calculated with the help of (5.5) and (5.6), taking into account that the heat

is not transferred between the sides of neighbouring fins, because their temperatures
are equal.
The heat transfer coefficient for forced convection from a finned surface is [84]:

hfc2 = 1.8
ρAirCAirDν (1− e−m)

4L
, (5.21)

where
D = 2ab

a+b
- is the hydraulic diameter [m],

a - is the fin height [m], b - is the space between fins [m],
L - is the axial length of the cooling fin [m],
ρAir - is the air density [kgm

−3],
ν - is the air velocity [ms−1],
CAir = 1006 - is the air specific heat [Jkg−1 oC−1],
λAir - is the air thermal conductivity [Wm−1 oC−1],

m = 0.1448L0.946

D116

³
λAir

ρAirCAirν

´0.214
. The values of air density and thermal conductivity

are listed in Table 5.1 on page 102.
The parameter most crucially influencing the convection mechanism is air velocity.

Air velocity depends on the fan design, air inlet area and varies with the distance
from the fan (Fig.5.4).
T.J.E. Miller proposed a rough guide for estimation of the air velocity at the rated

rotational speed for a motor with known fan inlet area Afan and losses Ploss.m at the
rated load. From the equations given in [64] a new expression can be derived:

νrated =
3.206Ploss.m

Afan
, (5.22)

where Ploss.m - in kW, Afan - in m2.
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Figure 5.4: Variation in air velocity in the fin channel with the distance from the
fan [21]. Distance = 0 [pu] means ”just near the fan”, distance = 1 [pu] means ”at
the end of the fin on the motor’s opposite end”, velocity = 1 [pu] means ”maximum
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The fan inlet area can be estimated as:

Afan =
π (0.85Ds)

2

4
. (5.23)

The air velocity at a given rotational speed n is:

ν = νrated

µ
n

nrated

¶2
. (5.24)

Finally, the thermal resistance for forced convection can be calculated as:

Rfc2 =
1

A2hfc2
, (5.25)

where A2 - is the area of the finned surface housing.

Rear-end shield

It is assumed that heat is transferred from the rear-end shield by forced convection
only. The velocity of the air flowing over the end-shield is taken equal to the air
velocity over the finned surface of the housing. The heat transfer coefficient is [40]:

hres = 14
¡
1 + 0.8

√
ν
¢
. (5.26)

The corresponding thermal resistance can be calculated as:

R3 =
1

A3hres
, (5.27)

where A3 - is the area of the rear-end shield surface.
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5.3.2 Heat transfer inside the machine by forced convection
and radiation

The air flow in the end-space part and the air gap of a SRM is much more complex
than the flow over its outer surfaces. This is because the air flow depends on many
factors including the shape and length of the end windings, salient poles of the rotor
which act like blades, the fanning effects due to wafters and surface finish of the end
sections of the rotor, and the turbulence. The motion of the wafters and rotor poles
generates an inherently unsteady air flow due to the interaction with the stationary
end windings. This interaction between the rotor and the stator creates a complex
flow pattern, where the mean flow exhibits periodic fluctuations as the wafters sweep
past the end-winding coils. This unsteady air flow has important influences on the
heat transfer by convection.
Exact calculation of the end-winding heat transfer coefficient is impossible and

even an estimation of it is a very complicated task. The agreement of predictions
using a sophisticated technique as computational fluid dynamics (CFD) with exper-
iments is within 20-30% [85]. Analytical predictions are even less reliable. However,
several authors have studied the cooling of internal surfaces in the vicinity of the
end windings and in the air gap, and elaborated analytical expressions for the heat
transfer coefficients and thermal resistances.

End windings-to-frame heat transfer coefficient

The corresponding resistance can be calculated as:

RWFT =
¡
R−1ewr +R−1ewfc

¢−1
, (5.28)

where
Rewr - is the resistance to the heat transfer by radiation, Rewfc - is the resistance

to the heat transfer by forced convection.
Rewr is calculated with the help of (5.5) and (5.6).
The calculation of Rewfc is not so straightforward. In the majority of cases re-

searchers propose a curve fit of the convection heat transfer coefficient versus the local
air velocity for surfaces contacting the end-space air. A set of curves, obtained using
various expressions proposed by different authors is presented in Fig.5.5. It is seen
that the expressions give similar results; therefore, a reasonable way is to choose the
expression giving results in the middle between the maximum and minimum ones.
The following expression was chosen:

hewfc = 15.5 (1 + 0.39ν) , (5.29)

where ν = 0.023Drn (with n in rpm).
The resistance to the heat transfer by forced convection is:

Rewfc =
1

Aewhewfc
, (5.30)

where Aew - is the area of the end-winding surface.
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Figure 5.5: A set of curves for the variation of the end-winding heat transfer coeffi-
cient for forced convection with velocity of air.

Rotor-to-frame heat transfer coefficient

The thermal resistance for the heat transfer from the rotor laminations to the
frame by forced convection and radiation RRFT is calculated in exactly the same way
as the resistance RWFT for the end winding-to-frame heat transfer.

Air gap thermal resistance

A. Greif [35] proposed a practical equation for the thermal resistance of the air
gap in a SRM:

RRST =
0.18

¡
1.14 + 2 lg

¡
δ
e

¢¢
D2

rnLstk
, (5.31)

where
δ - is the air gap length [m],
e - is the roughness of the surface (practical rule of thumb is to take e = 0.09),
n - is the speed in rpm.

5.3.3 Heat transfer inside the machine by conduction

The accuracy of a prediction of the motor thermal performance is critically dependent
upon the estimation of many thermal contact resistances within the machine (e.g.
stator lamination - housing, housing - end cap). The contact resistance is evoked
by imperfections in the touching surfaces, i. e. each surface has high and low spots
leading to voids between them. Heat transfer through the fluid filling the voids
is mainly by conduction - there is no convection in such a thin layer of fluid, and
radiation effects are negligible at normal temperatures. Thermal contact resistances
have to be calculated taking into account average interface air gaps. The smoothness
of the surface affects the effective air gap. Typical air gaps are: mirror finish - 0.1
µm, rough finish - 25 µm.
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Material
Thermal conductivity

(Wm−1 oC−1)
Density
(kgm−3)

Viscosity
(m2s−1)

Metals
Aluminum (pure) 237 2702

Aluminum (Alloy 195 Cast) 168 2790
Copper (pure) 401 8933

Iron (Silicon 1%) - 20oC 42 7769
Iron (Silicon 5%) - 20oC 19 7417

Stainless steel
usually 13...16,

some types up to 25
7900...8060

Insulation materials
Epoxy 0.207
Bakelite 0.19
Mica 0.71 2900

Fluids
Air (27oC) 0.0262 1.1774 15.69e-6

Water (100oC) 0.597 1000 0.294e-6

Table 5.1: Some material properties.

The resistances RSFU , RWSU , RRHU , RBFU corresponding to the heat transfer by
conduction (described in section 5.1) are calculated with the help of (5.2) and (5.3),
taking into account the contact resistances and material properties (Table 5.1).

5.4 Solving the equivalent circuit using the Node
Potentials Method (NPM)

With the help of the equivalent thermal circuit of Fig.5.2 it is possible to obtain the
temperature of the outer layer of the coil Tol. The hot-spot temperature and average
temperature of the winding can be found with the help of Tol.
To simplify the task, the circuit can be reduced (Fig.5.6). The branch containing

the resistance RFAT can be excluded, because it is assumed that the temperature of
the frame does not depend on the heat distribution inside the machine, but depends
only on the ambient temperature TA and the total heat rate produced inside the
machine Ploss.m:

TF = TA +RFATPloss.m. (5.32)

To apply the NPM for the reduced circuit, first, the potential (temperature) of
the node frame is set to zero: TF = 0. Then, according to the NPM, the equivalent
circuit can be described by the matrix equation:

[A]
£
GB
¤ £
AT
¤
[T ] = − [A] [P ] , (5.33)
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Figure 5.6: Reduced equivalent circuit.

where

[A] =

⎡⎢⎢⎣
1 0 0 1 0 0 0
0 0 1 −1 −1 0 0
0 0 0 0 1 1 1
0 1 0 0 0 −1 0

⎤⎥⎥⎦ (5.34)

is the nodal matrix corresponding to the circuit in Fig.5.6,£
GB
¤
= diag

£
R−1WFT R−1BFU R−1SFU R−1WSU R−1RST R−1RHU R−1RFT

¤
(5.35)

is the matrix of branch conductances,

[T ] =
£
Tol TS TR TB

¤T
(5.36)

is the matrix of nodal temperatures,

[P ] =
£
−PCu −PB −PFeS 0 0 0 −PFeR

¤T
(5.37)

is the matrix of heat sources.
The solution of the matrix equation is the matrix [T ]. The values of the real

temperatures are found by adding the value TF (determined with the help of (5.32))
to the calculated temperatures. One of the components of [T ], namely Tol is then
used to calculate the hot-spot temperature.

5.5 Hot-spot and average temperature of the wind-
ing

The coil is modeled using several layers of copper, wire insulation and inter-conductor
insulation (impregnation and/or air) together with a slot liner and a slot liner-
lamination interface gap (Fig.5.7).
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Figure 5.7: Slot of a SRM filled with conductors (left side) and with equivalent layers
of copper and insulation (right side).

The calculation is based on the equivalent multi-layer cylinder representation of
the coil (Fig.5.8a). According to the concept, the coil is substituted by a cylinder
with a length equal to the mean-turn length (MLT) of the coil. The cross-section
area of the cylinder is taken equal to that of the coil and the total volume of copper is
kept the same. The cylindrical cross-section is shown in Fig.5.8b. The space between
the copper layers is filled with impregnation. The number of layers and the copper
to insulation thickness ratio are defined by the wire diameter, the number of turns
and the subsequent slot fill factor. The lateral surface of the cylinder is divided into
three sectors:

• The area of the coil surface in the slot, from which the heat is transferred by
conduction through the slot liner into the stator laminations;

• The area of the coil surface in the slot, which has no contact (even indirect)
with the stator laminations, so no heat transfer occurs from this area;

• The area of the coil end windings, from which the heat is transferred by con-
vection and radiation.

Based on the proposed representation, the value of the hot-spot temperature Ths
can be easily calculated (Fig.5.8c):

Ths = Tol + PCuRLayers, (5.38)

where

RLayers =
NLX
i=1

(RCu,i +Rins,i) , (5.39)

RCu,i - is the resistance of a single layer of copper, Rins,i - is the resistance of a single
layer of insulation (Fig.5.8b), NL - is the number of equivalent layers.
The heat rate equal to the copper losses can be divided into two parts:

PCu = PRC
Cu + PU

Cu, (5.40)
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Figure 5.8: (a and b) ”Multi-layer cylinder” representation and (c) the thermal circuit
of a coil.

where PRC
Cu - is the part of the copper losses in the coil which is transferred from the

end windings by radiation and convection, PU
Cu - is the part which is transferred from

the slot parts of the coil into the stator laminations (Fig.5.8c).
The average temperature of the winding can be approximately calculated as:

Tav =
Tol + Ths

2
. (5.41)

The values Ths and Tav are calculated at a single load point for the chosen design
and control parameters.
The heat transfer coefficients themselves are functions of unknown temperatures.

Therefore, the temperatures in various parts of machine must be pre-estimated and
substituted into the equivalent circuit. Then, several iterations are needed to reach
the final temperature distribution.

5.6 Conclusion

The proposed thermal model is intended for use inside the iterative procedures of
synthesis/optimization, where each iteration corresponds to a single point of opera-
tion of the drive. Therefore, no transients have to be considered and the equivalent
thermal circuit has no capacitances. The equivalent circuit is simple, though it takes
into account all major ways of the heat transfer. The structure of the circuit allows
the application of a rapid matrix method to solve the problem. The model verification
is presented in chapter 7.





Chapter 6

Estimation of acoustic noise

6.1 Acoustic noise: quantities and applied stan-
dards

Sound energy may be propagated in either solids, liquids, or gases to a greater or lesser
extent depending on how closely the transmitting medium approximates perfectly
elastic properties. Sound transmission through solids or liquids usually is referred
to as vibration; in the case of solids the adjective ”structure borne” may be added.
Sound traveling through the air is normally characterized as ”air borne”. Noise is
defined as unwanted sound in the air.
Acoustic noise in SRMs is one of the last problems which have to be solved before

a more widespread use of this drive type will become possible. To design a low-noise
SRD, simulation tools are needed, based on a vibrational and acoustic model where
the vibration and noise quantities could be calculated based on the geometry of the
machine and the applied control strategy. With the help of such a model different
designs and control strategies can be investigated and compared to each other.
The acoustic quantity used for measuring machine noise is the A-weighted sound

pressure level LpA in dB(A). As a measure of the total noise radiated to the surround-
ing air by the machine under definedmounting conditions theA-weighted sound power
level LwA in dB(A) is used.
Sound pressure is a fluctuating pressure superimposed on the static atmospheric

pressure in the presence of sound. A different sound pressure level may be measured if
the same noise producing device is located in a different environment. The reference
pressure used is 2 · 10−4 microbars, which corresponds to zero on the decibel scale
applied to sound pressure levels.
Sound power is a measure of the total air borne acoustic power generated by a

noise source, expressed on a decibel scale referred to some reference (usually 10−12

watts of acoustic power, which is equivalent to zero dB). Sound power levels cannot
be measured with instruments, but must be calculated from sound pressure levels
and correction factors (the corresponding expression is given in section 6.5).
The instruments needed for noise measurement and analysis are a microphone

or sound level meter and a spectrum analyzer (Fig.6.1a). For vibration analysis
accelerometers will be needed (Fig.6.1b).
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(a)

(b)

Figure 6.1: Experimental set-ups for the acquisition of (a) acoustic-noise data [5] and
(b) vibrations data [86].
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Figure 6.2: A-curve for the frequency-weighting.

According to practical experience, the human ear reacts differently to sound com-
ponents of different frequencies, in particular, the lower frequencies appear to be less
loud than the higher ones. That is why the weighting of sound pressure levels in
terms of frequency (frequency-weighting) is usually done. The shape of the weighting
curves is specified in IEC publication 651. There are three curves designated A, B
and C. It is common practice to use the curve A (Fig.6.2) for the weighting and to
specify the sound level for machine noise in dB(A). The frequency response of A-
weighting takes 1.0 kHz frequency as the reference and gives predetermined positive
or negative adjustments at all other frequencies in such a way as to match roughly
an equal-loudness contour.
The A-weighting is done as follows: the sound level L (LpA or LwA), measured or

calculated for some specified frequency, is added with a weighting factor found from
the A-curve:

L[dB(A)] = L[dB] +Weighting factor (6.1)

In the measuring process the sound level meter converts the sound pressure vari-
ation into a meter reading corresponding to the combined weighted sound pressure
level in the entire audible frequency range with A-weighted adjustments.
For the investigated power range (0.75 - 7.5 kW) of the I-SRD series under con-

sideration the limits for the sound power level depending on the speed range are
specified in Table 6.1.

6.2 Origins of vibrations and acoustic noise in a
SRM

The origins of acoustic noise in a SRM can be broadly divided into mechanical,
aerodynamic and electromagnetic. Some of the sources interact with each other
and increase the vibration and noise emission. The control strategy can affect both
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Table 6.1: IEC limits for sound power level [dB(A)].

mechanical and electromagnetic noise. The acoustic noise sources together with the
ways to avoid or attenuate the noise are listed in Tables 6.2 - 6.4.
The above sources of acoustic noise in SRMs have been presented by many authors

and examined to a certain depth by calculation or experiment. Pure mechanical noise
(bearing, windage and unbalance, etc) in most SRMs is not significant. The torque
ripple does excite some noise, but at a reduced level compared to the radial forces. It
is widely accepted [5], [14], [15], [30], [76], that the radial attractive force between the
stator and rotor is the dominant source of vibrations and acoustic noise in SRMs.
Therefore, vibration in SRMs can be viewed as the manner on which the radial
attraction forces and the stator structure interact.

6.3 Mechanism of vibrations of electromagnetic
origin

Although the radial electromagnetic forces are exerted on the stator poles, their
vibration amplitude is much smaller than that of the stator yoke. The radial magnetic
force acting on the stator poles ovalizes the stator yoke (a thick cylindrical shell) in
different circumferential mode shapes (m - being the mode number) at their own
natural mode frequencies (Fig.6.3). This circumferential movement is the origin of
acoustic noise. The mode shapes and the natural mode frequencies depend on the
machine geometry and material properties.
The radial magnetic force may excite one or more modes. Any particular mode

shape is excited when its natural mode frequency matches with that of any harmonic
of the radial magnetic force. The circumferential deflection and acoustic noise have
their peaks when any harmonic component of the radial magnetic force resonates with
the mode frequency of any circumferential mode. The amplitude of the vibration is
determined by the damping capacity of the structure. The acoustic noise (LwA) is
the highest when the fundamental mode shape (m = 2 for 8/6 and 6/4 SRMs or
m = 4 for 12/8 SRMs) is excited by the radial force [5] (Fig.6.4).
The radial vibration of the stator starts at the point of commutation (turning the

phase current off) [14]. As the current begins to fall immediately after the commu-
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Effect Reason
How to avoid/
attenuate

Bearing
vibrations

Construction and installation errors

Proper techno-
logy of installa-
tion, proper
bearing type

Stator
windings
vibrations

Stator windings that are not installed well or
manufactured well can move. The currents
through the stator windings interact with
local magnetic fields to produce forces on
the windings

Fastening of
the windings

Rotor
vibrations

Manufacturing asymmetries of the rotor
and stator; in particular, a non-uniform air
gap excites asymmetric forces on the rotor.
Non-uniform characteristics of materials
produce a mechanically dynamic unbalance
of the rotor, and a non-uniform distribution
of magnetic flux causes both magnetic
and mechanical forces on the rotor

More precise
technology of
manufacturing

Table 6.2: Mechanical origins.

Effect Reason
How to avoid/
attenuate

Windage
SRMs have a doubly salient
structure. The rotor poles behave
like blades

Special casing
for the rotor

Noise produced
by cooling fan

Fan windage
Special low-noise
construction
of the fan

Table 6.3: Aerodynamic origins.
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Effect Reason
How to avoid/
attenuate

Lamination
vibrations

The laminations of both stator and
rotor experience magnetostrictive
forces. These forces can cause lamina-
tion vibrations of the stator and rotor.
The problems would aggravate if the
stator or rotor is not well stacked

Proper stacking
of the laminated
cores

Stator pole
vibrations
due to
torque
ripples

The torque ripples produced by com-
mon control strategies are considerably
larger in SRMs compared to those
in other machines. In fact, the torque
ripples are the tangential magnetic
forces exerted on the poles. They
mainly excite stator vibrations

Application of
control algorithms
for shaping of the
current and
torque waveforms

Stator poles
vibrations
due to
commutation
of the tan-
gential forces

The commutation of the tangential
forces, that are exerted on the poles of
the stator and rotor and produce torque,
excites vibration of the stator and rotor

Application of
control algorithms
for shaping of
the current
waveforms

Stator yoke
vibrations

There exists a strong concentrated
radial magnetic attraction between the
stator and rotor poles, in particular in
the SR machine with doubly salient
structures. This attractive force leads
to stator vibrations

Increasing the
stator yoke
thickness,
combined with
a special shape
of the stator poles

”Chopping”
noise

As long as the switching frequency is
smaller than 20 kHz (in the audible
range), ”chopping” noise is one of the
most significant and characteristic noise
components

To use a switching
(PWM) frequency
higher than 20
kHz or to use
single-pulse
operation
where it is possible

Table 6.4: Electromagnetic origins.
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Figure 6.3: Initital six mode shapes of the stator yoke.

6/4 12/8

mode 2 mode 4

Figure 6.4: Mode shapes 2 and 4.
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Figure 6.5: Underdamped stator vibration vs. time.

tation, the magnetic radial force has its maximum at the point of commutation and
steeply falls after the commutation. The stator experiences a substantial accelera-
tion and subsequently resonates with a damped vibration at the fundamental mode
frequency (Fig.6.5) and radiates acoustic energy into the air. The larger the internal
damping (damping ratio ζ), the higher the rate of decay of the oscillations [4]. The
internal damping determines only the decaying rate of the vibratory motion and does
not affect the mode frequencies, whether circumferential or longitudinal. A larger ζ
is better for the system where vibration as well as acoustic noise are critical.

6.4 General procedure for the estimation of vibra-
tions and noise

Thorough investigation of vibrations and noise presupposes three stages: modal
analysis, calculation of the radial force and calculation of the system response. At
every stage experimental verification of the results is recommended. However, a rapid
analytical estimation of the vibro-acoustic characteristics with the help of empirical
expressions is possible as well. In this section a thorough procedure is described, in
the following sections simplified methods (mainly analytical) are considered.

Calculation of natural frequencies of separated components and the entire system

All mechanical components (stacked stator lamination, rotor, end shield, etc) of
the motor contribute to the acoustic noise and vibration, and require to be modeled.
Natural frequencies and mode shapes of the components, such as the stator and
rotor, can be assembled in the simulation software, either in a closed-form solution of
analytical equations or by FEA. Due to the complexity of some components and the
nonlinear coupling between component structures, the calculated model needs to be
verified empirically. COSMOS/M or ANSYS is capable of predicting mode shapes
and corresponding natural frequencies of three-dimensional components [75]. After
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this stage is finished, the models of the subassemblies (the stator with windings, rotor
stack with shaft, etc) can be developed and the natural mode frequencies calculated.
Finally, the entire model of the motor is assembled within the software package, the
accuracy of which should be verified by test data.
This comprehensive approach has one crucial drawback: very high computational

time. For rapid estimation of sound power level analytical procedures are preferable.
Many attempts were made to find analytical expressions for the calculation of the
mode frequencies. There are several sets of empirical expressions (verified by exper-
iments) proposed by different authors [4], [75], [76], which give similar results. All
the sets of expressions are elaborated assuming the stator being a cylindrical shell.

Calculation of the radial force

Radial force can be calculated using FEA-packages like ANSYS, FLUX, etc. All
related dimensions, winding turns, and materials properties are entered in a soft-
ware package to calculate the flux linkage curves as a function of rotor position and
phase current. Usually, the 2D electromagnetic FE model is applied, perhaps with
a correction factor for 3D end-effects. According to the flux linkage curves and the
other parameters of the SRM, as well as the operating parameters of the inverter
controller, the current waveforms simulating the actual operation of the SRM can be
obtained. Based on the current and rotor position, both radial and tangential forces
are calculated. The time-trace of the measured phase current can be applied as an
excitation into the FE model to calculate the electromagnetic forces as well.
Analytical calculation of the radial force is also possible [3]. A simplified approach

applied in this thesis is presented in section 6.7.

Calculation of the system dynamic response

The calculated electromagnetic forces from the electromagnetic model can be
applied to the FE mechanical model so that the dynamic vibration response can
be calculated. Damping coefficients of the components can be found experimentally
by impact tests. It should be noted that the dynamic analysis could be performed
on any individual component, but only the response of the complete machine model
should be obtained for both the actual noise testing and accelerometer measurements
on the motor.

6.5 Review and analysis of existing approaches

Common base for vibro-acoustic models

From a vibration point of view, the SRM is a complicatedMulti Degree of Freedom
(MDOF) system. However, it can be represented as the linear superposition of a finite
number of Single Degree of Freedom (SDOF) systems [86]. The radial force excites
the acoustic-mechanical system, which is often represented using simple linear spring-
mass-damper systems (Fig.6.6). The differential equation of motion for such system
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Figure 6.6: Spring-mass-damper system.

is:

a(t) + 2ζωnν(t) + ω2nx(t) =
Fr(t)

M
, (6.2)

where
x(t) - is the displacement as a function of time,
ν(t) - is the vibration velocity as a function of time,
a(t) - is the vibro-acceleration as a function of time,
Fr - is the radial force,

ωn =
q

K
M
- is the undamped natural frequency,

K - is the equivalent stiffness,
M - is the equivalent mass,
ζ = C√

4KM
- is the damping ratio (this value is different for various circumferential

modes),
C - is the viscous damping coefficient.

Most models published so far are based on this spring-mass-damper representation
and (6.2).
For the stator of the SRM, the transfer function can be written as:

H(s) =
a(s)

F (s)
=
X
i

Ai
s2

s2 + 2ζiωnis+ ω2ni
, (6.3)

where
ωni - is the resonant natural frequency of mode i,
ζi - is the damping ratio of mode i,
A - is the gain corresponding to mode i,
and s - is the Laplace variable.
The existing methods of research on vibrations and noise in SRM can be divided

into two main categories: frequency-domain methods and time-domain methods. The
frequency-domain method is useful to show the spectrum and dominant components
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Figure 6.7: Block diagram representing (6.2).

of the vibrations and noise. It can be used to investigate the influence of the motor
geometry (for example stator yoke thickness) on the vibrations and noise. The time-
domain method can reveal links between stator vibration, acoustic noise, shape and
timing of the applied voltage and current in the motor phase winding. To understand
the effects of the control strategy on acoustic noise, the time-domain analysis is
particularly useful.

Analysis in the time domain

An example of a time-domain model is the model proposed by Rasmussen et al
[76]. Using block diagrams one can depict (6.2) as shown in Fig.6.7. It is assumed
that the sound pressure p is proportional to the vibration velocity ν:

p = Zairν = −ρcν, (6.4)

where ρ - is the density of air, c - is the traveling speed of sound in the medium.
It is quite clear that when forces are applied on a ring, deflections will be seen all

around the ring. Thus, the mutual influence of neighbouring poles should be taken
into account (Fig.6.8). The corresponding block-diagram is shown in Fig.6.9.
To get the value of LwA, first, the time-trace of the pressure p(t) found by simu-

lation should be transformed from the time domain into the frequency domain using
Fast Fourier Transform (FFT). Secondly, the sound pressure level is found for every
harmonic component of the pressure:

Lpi = 20 log

µ
pi
pref

¶
, (6.5)

where pref = 20 · 10−6 Nm−2.
Then, the A-weighting is performed and all the A-weighted harmonic components

are combined to give one single value of LpA:

LpA = 10 log
¡
100.1LpA,1 + 100.1LpA,2 + ...+ 100.1LpA,n

¢
. (6.6)

Finally, the A-weighted sound power level LwA can be found [79]:

LwA = LpA + 20 log

µ
d

d0

¶
+ 8, (6.7)
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Figure 6.8: Spring-mass-damper model for a 6/4 SRM.

Figure 6.9: Block-diagram taking into account the mutual influence of neighbouring
poles.
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where d - is the distance from the noise source and d0 - is the normalizing value equal
to 1 m.

Analysis in the frequency domain

An example of the frequency-domain model is the model proposed by Anwar et
al [4]. This analytical method concentrates on the natural vibration modes of the
stator yoke. First, the radial force has to be transformed into a set of harmonic
components Fri(fexc) using FFT (fexc - is the excitation frequency), and secondly,
the mode frequencies have to be calculated. The magnitude of the acoustic noise at
any operating condition depends on the extent of circumferential deflection due to
the radial force density. The circumferential deflection and acoustic noise have their
peaks whenever any harmonic component of the magnetic radial force Fri(fexc) res-
onates with the mode frequency fm of any circumferential mode. The circumferential
deflection value D in these cases can be calculated as follows (for modes m ≥ 2) [4]:

D (fexc) = Dstatic +Dmf , (6.8)

where

Dstatic =
12Frm (fexc)Rm

m4E

µ
Rm

ys

¶3
, (6.9)

is the static component of deflection, with Frm (fexc) - the amplitude of the radial force
density (Nm−2), Rm - the mean radius of the stator yoke (m), ys - the stator yoke
thickness (m), E - the Young’s modulus of elasticity (Nm−2), m - the circumferential
mode number, and:

Dmf =

⎡⎣Ã1−µfexc
fm

¶2!2
+

4ζ2

1− ζ2

µ
fexc
fm

¶2⎤⎦−0.5 , (6.10)

is the magnification factor, with fm - the stator circumferential mode frequency (Hz),
ζ - the damping ratio.
The sound power radiated by an electric machine can be expressed as:

P (fexc) = 4σrelρcπ
3f2excD

2 (fexc)RsLstk, (6.11)

where
P - is the radiated sound power (W ),
σrel =

k2

1+k2
- is the relative sound intensity,

k = 2πRs

c
fexc - is the wave number,

c - is the traveling speed of sound (ms−1) in the medium,
ρc = 415 Nsm−3 for air at 20 oC (ρ being the density of air),
Rs and Lstk - are the outer radius and stack length of the stator (m).
For every harmonic component (excitation frequency) the sound power level is

found as:

Lw = 20 log

µ
P

Pref

¶
, (6.12)
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where Pref =10−12 W.
Then the A-weighting is done and all the A-weighted frequency components are

combined to give one single value of LwA:

LwA = 10 log
¡
100.1LwA,1 + 100.1LwA,2 + ...+ 100.1LwA,n

¢
. (6.13)

According to (6.9), the lower mode frequencies and/or higher amplitude of radial
magnetic force waves result in a higher sound power level.

Measurement-based approach

The measurement-based approach has been proposed in [86]. It exploits shaker
and impulse hammer tests for obtaining the coefficients of the transfer function (6.3).
The calculated radial force data (obtained using FEA or analytically) is used in the
transfer function to predict the acceleration and hence the noise.

Comparison of the approaches

The time-domain approach is advantageous to investigate the influence of current-
profiling techniques (for example zero-voltage-loop1 [14]) for the attenuation of vibra-
tions. Another advantage is the simultaneous modeling of all phases. However, the
coefficients K, M and C in (6.2) and Fig.6.7 can have only the values corresponding
to one particular vibration mode (usually the fundamental mode is investigated).
The frequency-domain approach is appropriate to investigate the influence of

increasing the structure stiffness (for example, increasing the stator yoke thickness)
for the attenuation of vibrations. Many modes can be investigated simultaneously.
The drawback is that the effect of current profiling is not explicitly seen with this
approach.
The measurement-based approach is the most reliable and accurate, but it relies

on thorough tests. Therefore, it cannot be applied for rapid calculations inside the
iterative procedures of synthesis.

6.6 Factors influencing the accuracy of the models
and assumptions

It is a fact that the structure and the construction materials of the machine influence
the nature of the stator vibrations. Increasing the stiffness of any structure means
increasing the natural mode frequencies and increasing the damping ratio. Therefore,
the internal dimensions of the SRM, especially the stator yoke thickness, pole height
and width and the overall pole shape of the stator as well as the external components
such as end-shields, frame, ribs and terminal box, are the parameters influencing the
acoustic-noise power.

1Before the voltage is reversed at the turn-off a period of zero voltage is provided. This makes the
current (subsequently the radial force) changes smoother and results in lower stator accelerations
and vibrations.
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Influence of end-shields, frame, ribs, keys and terminal box on the mode frequen-
cies and shapes

In [15] an in-depth study of the vibration modes of the stator of a SRM with
both the FEA and an analytical method was done. The study started with the
laminations and was then extended to a smooth frame, as well as a ribbed frame.
First, few modes of the laminations were predicted by using analytical equations
with the disadvantage that simplifying assumptions necessary to make the problem
tractable, led to the inability of predicting certain modes. It was found that while the
first few mode shapes remain the same, as one goes from the lamination to the smooth
frame, there is a large increase in the corresponding mode frequencies. There is also
a change in the order of the mode shapes. The mode frequencies of the low-order
modes decrease due to the existence of the frame ribs and keys. This means that
the ribs and keys mainly result in extra mass to the stator vibration system for the
low-order modes, so that their effects can be considered as extra mass. However, an
increase occurs in the higher-order resonant frequencies. This means that the effects
of ribs and keys mainly contribute extra stiffness for the high-order mode shapes of
the stator vibration system. Therefore, it is not permissible to simply consider the
ribs, etc, as an extra mass. The addition of ribs, feet, and the terminal box to the
frame introduces numerous additional vibrating modes. Modes that are coincident
in the symmetrical machine (i.e. of the lamination only or lamination with smooth
frame) become separated in the unsymmetrical machine.

Influence of damping

In (6.10) the damping ratio ζ strongly influences the magnification factor Dmf

(Fig.6.10). The damping ratio is different for different circumferential modes [8]. It is
very complicated to define ζ andmore research and tests are needed to establish either
precise empirical expressions or theoretical damping models. Few measurements on
different motors were performed [76] and resulted in an empirical damping ratio
ζ = 0.1 as an average value. This approximate value is used in the model proposed
in this thesis.

Assumptions

The analysis of acoustic noise is a difficult task due to the complexity of the
system. The transfer functions of most of the system components such as bearings,
gears, housing, etc will surely be unknown to the drive developer. A full modal analy-
sis has to consider the force distribution for different rotor positions, corresponding
to different time steps and coil excitations [20]. This analysis is not usually done.
As many aspects are uncertain while modeling vibrations in SRMs, many assump-

tions are usually made:

• 2D analysis is sufficient in FEA-based models.

• in analytical models:

— the stator yoke is a round rigid body,
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Figure 6.10: Dependence of the magnification factor Dmf on the damping ratio ζ
and the proximity of the excitation frequency fexc to the modal frequency fm.

— the teeth and windings have no rigidity, their mass is attached to that of
the yoke,

— periodic force waves of any order are symmetrically exerted on the stator
yoke ring,

— the only effect of all defects and notches is a reduction in mass.

• in the models which are not based on measurements, the damping ratio ζ is
equal to some definite value (as ζ = 0.1 in [76]).

6.7 Description of the proposed analytical model

Calculation of natural mode frequencies

Mode frequencies are complicated functions of the mass and stiffness matrices
of the system comprising kinetic and potential energies. Several researchers have
developed simplified equations to estimate the circumferential mode frequencies of
the stator [4], [15], [75], [76]. In this thesis a set of expressions developed by Jordan,
Frohne, and Uner (applied for SRMs by Anwar et al. [4]) taking into account the
effects of shear, rotary inertia, teeth, and windings is used. Accordingly, the mode
frequency for the pulsating vibration mode (m = 0) is:

fm(=0) =
1

2πRm

s
Es

ρs∆
. (6.14)

The natural frequency corresponding to the mode 0 is usually near (or behind) the
upper limit of the audible range and can often be neglected in a simplified analytical
investigation.
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The natural frequencies for circumferential modes (m ≥ 2) are:

fm(≥2) =
fm(=0)im (m

2 − 1)p
(m2 + 1) + i2 (m2 − 1) (4m2 +m2∆m/∆+ 3)

, (6.15)

where
i = 1

2
√
3

ys
Rm

,
∆ = 1 + Wt

Wy
,

Wt =Wp +Ww +Wi ,

∆m = 1 +
1.91NsAsph3sWt

RmLstky3sWp

µ
1
3
+ ys

2hs
+
³

ys
2hs

´2¶
,

where
m, fm - are the circumferential mode number and mode frequency,
Es, ρs - are the modulus of elasticity and density of the stator material,
∆, ∆m - are the mass addition factors of displacement and rotation,
Wp, Wy - are the total mass of the stator poles and yoke,
Ww, Wi - are the total mass of the winding and insulation,
Rm, ys - are the mean radius and thickness of the stator yoke,
Ns, hs - are the stator pole number and stator pole height,
Lstk - is the stator stack length,
Asp - is the cross-sectional area of each stator pole.
From the air-borne noise point of view, the two modes with m = 2 and 4 are

responsible for the majority of acoustic noise [4].
To take into account the influence of the frame, end-shields, terminal box, etc, the

values obtained by (6.14) and (6.15) must be multiplied by a factor of 1.5. The factor
of 1.5 is an approximate value derived from the analysis of the results presented in
[4] and [16].

Analytical calculation of radial force

The static radial force has its maximum at the aligned position. Due to the fact
that for any selected current the form of the function radial force vs. position is near
to sinusoidal (Fig.6.11a), the radial force can be approximated by the expression

Fr = Frm sin
³γ
2

´
, (6.16)

where

Frm =
B2
δLstk (ts + tr) (µr − 1)

4µ0µr
, (6.17)

is the radial force in the aligned position (γ = π), and where Bδ - is the flux density in
the airgap in the aligned position, ts - is the stator tooth width, tr - is the rotor tooth
width, µr - is the relative magnetic permeability of the tooth’s iron (µr is a function
of current). Fig.6.11b presents a set of curves of the static radial force calculated for
different currents.
For calculation of the time-trace of the radial force a new block radialforce =

function (current, position) has to be integrated into the reduced (MATLAB/



124 Estimation of acoustic noise

(a) (b)

Figure 6.11: Radial force vs. position and current: (a) measured for a 4/2 SRM (3D
representation), (b) calculated analytically (2D representation).

SIMULINK) model outlined in Fig.3.20 in section 3.4. The complete reduced model
is presented in Fig.6.12. The block (look-up table) radialforce = function(current,
position) provides the radial force value based on the input parameters: current and
rotor position.
An example of the simulation results is presented in Figures 6.13a and b.
Assuming that in most cases the task is to design a drive that is as quiet as

possible, the zero-voltage-loop (see section 6.5) is used in all simulations.

Calculation of the system response

The algorithm of the complete procedure used in this thesis for the estimation of
the sound power level is shown in Fig.6.14. It can be seen that both time-domain
and frequency-domain approaches are implemented.
To calculate the system response, first, the time-trace of the radial force (Fig.6.13b)

is transformed to the frequency domain (Fig.6.15a) using FFT. Then, (6.8) to (6.11)
are applied for modeling the transfer function, and (6.12) and (6.13) are used to
calculate the sound power level in dB(A).
This calculation procedure is realized in the software package SRD-DASP (Ap-

pendix A). Several screen-shots are presented in Fig.6.15. The effect of resonance of
the radial force harmonic components with the modes 2, 3 and 4 is explicitly seen.

6.8 Low-noise design guidelines

An appropriate machine design and control strategy can minimize the acoustic-noise
power level of a SRM. First of all it is recommended to maximize the mode frequencies
and to minimize the harmonic components of the radial magnetic force. It is desirable
to make the dominant circumferential mode frequencies higher than the maximum
audible frequency of 15-20 kHz.
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Figure 6.12: Core of the reduced model including radial force.

(a) (b)

Figure 6.13: Time-trace of (a) the phase current and (b) radial force.
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Figure 6.14: Complete procedure for the calculation of acoustic noise.
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(a) radial force

(b) deflection

(c) sound power spectrum

(d) sound power level

Figure 6.15: Frequency-domain analysis of the acoustic noise in SRD-DASP.
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Machine design

• It is better to use a pole combination with more than one pair of working poles,
i.e., with a ”multiplicity” greater than 1. For example, a 12/8 machine ought
to be less noisy than an 8/6 machine [66]. This is because the compliance of
the stator core is much less for multipolar excitation (m = 4) than for two-pole
excitation (m = 2).

• The stator yoke should be as thick as possible to minimize deflection (Fig.6.16).
Even a small deflection may suffice to cause objectionable acoustic noise.

• The rotor and stator poles should be wide to reduce the peak flux densities and
increase the mechanical stiffness.

• The rotor poles should generally be slightly wider than the stator poles.

• A large shaft diameter is desirable to help increase the lateral and torsional
stiffness.

• The rotor slot depth may have to be shallower to permit a larger shaft to be
accommodated without diminishing the rotor yoke thickness. When the rotor
slot depth is reduced, the unaligned inductance increases, but it may be worth
losing a little on the inductance ratio to get a stiff shaft.

• If possible, parallel connection of pole coils should be used, not series. This
compensates for air-gap inconsistencies by allowing a greater current around
the poles with a larger gap.

• A higher number of turns is recommended consistent with achieving the re-
quired torque/speed curve at the available voltage. This reduces the speed at
which the control can switch over to single-pulse operation; this is quieter than
the PWM-modulation.

Control strategy

• PWMmodulation (”voltage control”) is known to produce lower noise than the
hysteresis-band current regulation [66].

• Current profiling2 may help, but it requires extensive analysis and experimen-
tation, and may be complicated.

• The highest possible chopping frequency for minimizing the ripple current is
desirable and, if possible, the chopping frequency has to be set above the human
audible range (typically, >15-20 kHz).

2Building waveforms of complicated shapes in order to achieve lower torque ripple, lower radial
force amplitude and lower stator acceleration at the current turn-off.
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Figure 6.16: (a) Traditional and (b) ”low-noise” designs.

Lower noise can be achieved with a variable-voltage DC source (VVDC) converter,
for phase transistors are used only for commutation and controlling the firing angles.
The current should be chopped with only one transistor, not both (”soft chopping”).
The firing angles should be adjusted in a test to give the quietest operation at a given
load. Even small changes make a marked difference. However, VVDC converters are
more expensive than the traditional ones.

6.9 Conclusion

At the design stage it is important to define first of all the geometric shape of the
machine, while the current-profiling techniques are usually applied at the stage of
testing the prototypes. Therefore, the frequency-domain approach, which is better
suited for the investigation of the effect of the machine geometry on the sound power
level, was selected to be the base of the proposed model.
The model is analytical and provides high computational speed, although it takes

into account the most important aspects, including for example the effect of end-
shields, frame and ribs. The model verification is presented in chapter 7.
The guidelines proposed in section 6.8 are to be met by compromising reasonably

with the machine torque, efficiency and power density. The trade-off solutions can
be found with the help of the optimization techniques considered in chapter 8.





Chapter 7

Validation of the mathematical
models

7.1 Ways to verify the models

A mathematical model proves to be correct when it gives accurate results for many
machines of different power levels and various configurations. Therefore, test results
of numerous prototypes were needed to verify and fine-tune the proposed models.
The acquisition of test results was carried out in two ways. First, tests of several
SR motors of various configurations (8/6, 12/8, 6/4) were performed in the lab. The
description of the testing facilities is presented in section 7.2. Secondly, the test
results presented by other researchers in conference papers, dissertations, reports,
etc. were accumulated in a special database (Appendix C). This approach to obtain
test results is not typical. It is more common to develop a model, then build a
prototype (designed with the help of the model), and, finally, fine-tune the model
by comparing its output with the prototype’s measurements. Unfortunately, the
author’s experience has shown such an approach insufficient. A model that provides
accurate results for a single machine available for testing can produce incorrect results
for some other machine with a different configuration or even with a different shape
of the cores.
Validation of the models proposed in this thesis was carried out by comparing the

calculated values with the ones measured on prototypes. Verification of the analytical
procedures for calculation of the static magnetization curves and the static torque
curves is presented in section 7.3. Comparison of the analytical procedures with
commercial FEA software is presented in section 7.4. Verification of the simulation
capabilities of the reduced model is presented in section 7.5. Applications of the
reduced model and the FEA-based multilevel model are discussed in section 7.6.
Verification of the thermal and noise models is carried out in sections 7.7 and 7.8,
respectively. Some concluding remarks are made in section 7.9.



132 Validation of the mathematical models

7.2 Testing facilities

The test bench was created in the group of Prof. N.F. Iljinsky (Drives Department
of MPEI-TU). The test-bench structure is presented in Fig.7.1a. The experimental
investigations were performed under the guidance of Prof. M.G. Bychkov. A DC
machine was chosen as the loading device (Fig.7.1b). The structure of the universal
converter is described in [13]. Special software called Computerized Loading Device
(CLD) has been developed to save the time-traces of quantities such as voltage and
current in text files and to display the time-traces on the screen (Fig.7.2).

Universal
Micro-controller

87C196MH

SRMUniversal
converter

Loading
device

Data logging
system

Position sensor

Operator’s panel

(a) (b)

Figure 7.1: Testing facilities: (a) test-bench structure, (b) one of the tested SR
motors and DC machine as a loading device. (Courtesy of M.G. Bychkov).

The static magnetization curves were defined by feeding one of the phases of the
SRM from a source with sinusoidal voltage waveform, while the rotor was mechan-
ically locked in different positions. The flux linkage was defined for different rotor
positions and phase currents by integrating (3.1).

7.3 Verification of the analytical procedure for cal-
culation of the static curves

In this section, the analytical procedures presented in sections 3.3.1, 3.3.2 and 3.3.3
are verified. The calculations were performed for the machines of configurations 8/6,
6/4 and 12/8. The static magnetization curves, that have been analytically corrected
for the end-effects, and the torque curves, are analyzed. The results of the comparison
are presented in Figures 7.3, 7.4 and 7.5. The parameters of all machines considered
in this section can be found in the database in Appendix C.

It can be seen that the analytical procedures give satisfactory results - the agree-
ment of the calculations with the measurements is good. The deviation can be ex-
plained by several factors. First, there are always inaccuracies in the measurements
of the curves, secondly, in practice some parameters of the machines (for example,
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Figure 7.2: Measured current waves using the CLD-package.

Configuration 8/6. Machine SRM-86-5-540

(a) (b)

Figure 7.3: SRM 8/6 5 kW: (a) static magnetization curves, (b) static torque curves.
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Configuration 6/4. Machine SRM-64-075-300

(a) (b)

Figure 7.4: SRM 6/4 0.75 kW: (a) static magnetization curves, (b) static torque
curves.

Configuration 12/8. Machine SRM-128-075-300

(a) (b)

Figure 7.5: SRM 12/8 0.75 kW: (a) static magnetization curves, (b) static torque
curves.
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Figure 7.6: SRM 12/8 5 kW. Curves of phase inductance vs position. Stack length
is of 80 mm, stator outer diameter is of 183 mm [48].

number of turns or B-H curve of the core material) can be given incorrectly, thirdly,
the model itself is not perfect. However, the model performance can be classified as
good because the model provides good results for several machines of different powers
and topologies, whereas it is a common practice to fine-tune a model for a single ma-
chine available for testing, achieving a better agreement between the measurements
and calculations. It is noteworthy that the calculated unaligned curves match the
measured ones for all the presented machines. This is very important because the
unaligned inductance determines the rise of phase current after turn-on. At the same
time the accuracy of the aligned curves is not so important, because the current is
close to zero at the positions near the aligned one.

7.4 Comparison of the analytical and FEA proce-
dures

2D-FEA has a drawback that it cannot take into account the end-effects. When the
machine stack is short compared to the stator outer diameter the end-effects begin
to play a very important role, especially in the unaligned position. For example, the
calculation using 2D-FEA for SRM-128-5-400 (Fig.7.6) gives the error in the value
of the unaligned inductance of around 40% which is critical for the rate of current
rise at turn-on.
Another example of the influence of end-effects is shown in Fig.7.7 for the machine

SRM-86-1-100. The analytical procedures are used. It can be seen that the influence
is considerable, especially for the unaligned curve, and cannot be disregarded.
A third example is presented in Fig.7.8 where the static magnetization curves

obtained by analytical calculation, 2D-FEA and measurements are drawn for com-
parison (only the non-saturated parts of the curves are shown). When the analytical
model does not take the end-effects into account (Fig.7.8a) 2D-FEA gives better re-
sults. When the analytical model takes end-effects into account (Fig.7.8b) it becomes
more accurate than the 2D-FEA. Therefore, the results of 2D-FEA should always be
corrected for the end-effects.
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(a) (b)

Figure 7.7: SRM 8/6 1 kW. Influence of the end-effects on the static magnetization
curves: (a) end-effects are not taken into account, (b) end-effects are taken into
account.
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Analytical
2D-FEA

(a) (b)

Figure 7.8: SRM 12/8 5 kW. Static magnetization curves: (a) analytical model
without taking end-effects into account, (b) analytical model taking end-effects into
account.
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Numerous calculations of the static magnetization and torque curves performed
for all the machines from Appendix C using both the analytical procedures and 2D-
FEA have shown that the analytical procedures are less accurate and reliable than
the FEA. However, as it was proved in section 7.3, the analytical procedures are
sufficient for the goals of this research.

7.5 Verification of the simulation capabilities of
the reduced model

In this section the time-traces of the current obtained by simulations (reduced model)
and measurements are presented in Figures 7.9, 7.10 and 7.11 for comparison. It is
noteworthy to mention that the measured curves in Fig.7.9 have been smoothed using
a spline-interpolation technique, therefore the effect of PWM is not apparent at these
curves.

Configuration 8/6. Machine SRM-86-5-540

VDC=540 V, PWM duty cycle 50%. Control algorithm - voltage control.

(a) n = 1500 rpm, γON = 0
o, γOFF = 15

o (b) n = 1000 rpm, γON = 4
o, γOFF = 19

o

Figure 7.9: Measured and calculated current waveforms.

A comparison of the simulation capabilities between the reduced model and the
commercial software FLUX 2D was carried out in [61]. In Fig.7.12a the simulation re-
sults for SRM-128-5-400 obtained by FLUX 2D and the reduced model are compared
(control parameters: n = 4500 rpm, γON = 0o, γOFF = 15

o). It can be concluded
that both techniques have approximately equal capabilities for the simulation of the
dynamic processes in a SRM.
It should be emphasized that the reduced (the core of which is a SIMULINK block-

diagram) model uses the static magnetization curves calculated in FLUX 2D, so this
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Configuration 6/4. Machine SRM-64-075-300

VDC=300 V, current limit of 8 A. Control algorithm - current control.

(a) n = 3000 rpm, γON = 0
o, γOFF = 30

o (b) n = 2229 rpm, γON = 0
o, γOFF = 25

o

Figure 7.10: Measured and calculated current waveforms.

Configuration 12/8. Machine SRM-128-075-300

VDC=300 V, current limit of 8 A. Control algorithm - current control.

(a) n = 4500 rpm, γON = −2o, γOFF = 15o (b) n = 2121 rpm, γON = 0
o, γOFF = 15

o

Figure 7.11: Measured and calculated current waveforms.
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(a) (b)

Figure 7.12: Current waves: (a) FLUX 2D vs. reduced model, (b) reduced model vs.
measurements.

comparison is in fact a comparison between the simulation features of SIMULINK
and FLUX 2D.
However, the simulation results do not always match the test results ideally. It is

found that both models provide accurate results when current or voltage regulation
(”chopping”) is applied (Fig.7.10a, 7.11b), but for the single-pulse mode of operation,
when the current waveforms is shaped by both the applied voltage and the back-emf,
reliability of the simulation results goes down (Fig.7.11a, 7.12b).
Following the idea proposed in section 3.6 and proved in this section the most reli-

able and accurate (though not the fastest) method to analyze the dynamic processes
in the drive is the following:

• Calculation of the static magnetization curves in 2D using FLUX 2D, ANSYS,
etc.

• Analytical correction for the end-effects using the expressions from section 3.3.2.

• Calculation of the static torque curves using the method described in section
3.3.3.

• Simulation with the help of the reduced model (or multilevel model realized in
CASPOC-SRD, if sizing of the DC-link capacitors and input chokes should be
carried out).

7.6 Role of the proposed models in the design
process

The reduced model and the FEA-based multilevel model have different roles in the
design process. According to their destination determined in section 3.1 and their
strength, each model has its application at a particular stage of the design (Fig.7.13).
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Figure 7.13: Flow chart of the design process of a SRD.

In addition to the features presented in Table 3.1, some characteristics of the models
are presented in Table 7.1.

7.7 Verification of the thermal model

The verification of the thermal model proposed in chapter 5 was carried out with
the help of experimental data from [13]. Two SRMs with 8/6 and 6/4 configurations
were investigated at MPEI-TU laboratory. Three thermocouples were embedded in
each of the machines (Fig.7.14).
The scheme of the experiments is presented in Fig.7.15. The stator coils were

connected in series back-to-back, and fed from a DC source. In this case, no torque
was created and steel losses were near to zero. Only copper losses and mechanical
losses took place. The rotor of the SRM was driven by an external motor (AC and
DC in different tests). The tests were carried out for two cases - with a shaft-mounted
fan and without the fan. The signals from the thermocouples were transferred to a
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Characteristic Reduced model
FEA-based

multilevel model
Accuracy of calculation of magne-
tization curves in two dimensions

Good Very good

Modeling of machines with
complicated pole shape

Impossible Possible

Accuracy of simulation Good Good
Speed of analysis Milliseconds Several minutes

Table 7.1: Characteristics of the models.

Thermocouple 1 Thermocouple 2 Thermocouple 3

Figure 7.14: Placement of the thermocouples in the tested machines.
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SRM

M

Signals from the
thermocouples

=DC source

Motor driving
the rotor of the SRM

Figure 7.15: Test set-up to verify the thermal model.

PC.
Although thermocouple 3 has been placed in the stator winding, another pro-

cedure - resistance measurements - to obtain the average temperature rise in the
winding was applied as an alternative. The temperature rise was measured after a
heat run. First, the SRM was running, loaded under specified conditions. Then, it
was disconnected and the phase resistance was measured at equal time intervals with
no forced cooling. Assuming an exponential decrease of the resistance, the natural
logarithm of the resistance versus time has been represented and the resistance at
time zero, Ro, extracted. Finally, the temperature rise was easily obtained from Ro

and the resistance variation with temperature.
The comparison of the following values:

• losses in the coils

• stator core temperature rise

• winding average temperature rise

• thermal resistance ”frame - ambient” RFAT

• thermal resistance ”winding - the rest of the machine” R0 = RWFT (RWSU+RFSU )
RWFT+RWSU+RFSU

calculated using the thermal model and calculated with the help of the measure-
ments performed on prototypes is presented in Table 7.2. The agreement of the data
is within satisfactory limits.

7.8 Verification of the noise model

The noise model derived in chapter 6 is based on the experimentally verified pro-
cedure proposed by Anwar et al. in [4]. Only two stages of the noise analysis are
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Table 7.2: Comparison of the calculated and measured thermal data.

replaced by other procedures proposed in this thesis - calculation of radial force, and
calculation of mode frequencies. Therefore, only these newly introduced procedures
require verification.
The verification of the procedure for calculation of the radial force is done by com-

parison of the procedure with the software SRDaS developed in Aalborg University.
Figures 7.16a and b present respectively the current and radial force calculated using
the noise model. Fig.7.17 presents the same time-traces calculated with SRDaS1.
The agreement is satisfactory.

(a) (b)

Figure 7.16: (a) Calculated current and (b) radial force.

The corresponding sensitivity analysis is presented in Fig.7.18a. It shows that
the error in the calculation of the sound power level (SPL) will not exceed the level
of a few percent if the error in the calculation of the radial force lies within a 50%
margin.
The verification of the procedure for calculation of the mode frequencies is done

using the test data published in [5] and [76]. The mode frequencies of the stator are
calculated using the method presented in section 6.7. In Table 7.3 the comparison of
the calculated and measured mode frequencies is given. The agreement is more than

1In SRDaS ”normal force” is used instead of ”radial force”.
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Figure 7.17: Screen-shot from SRDaS; calculated current, normal (radial) force and
sound pressure.
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Figure 7.18: Influence on the SPL value of the error values in the calculation (a) of
the radial force and (b) of the mode frequency.
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Mode frequencies, kHz
Mode 1 2 3 4 5
Conventional SRM 8/6 from [5]

Experiment 11,4 3,2 11,2 15,2 21,0
Calculated 10,2 3,1 12,1 15,7 20,6

Low-noise SRM 8/6 from [5]
Experiment 22,5 7,6 19,5 32,7 41,3
Calculated 21,5 7,3 19,2 31,8 40,9

Low-noise SRM 6/4 from [76]
Experiment - 2,69 7,6 14,6 23,6
Calculated - 2,7 7,8 13,9 22,6

Table 7.3: Comparison of the calculated and measured mode frequencies.

satisfactory.
The corresponding sensitivity analysis is presented in Fig.7.18b. It shows that

the error in the calculation of the sound power level (SPL) will not exceed the level
of a few percent if the error in the calculation of a mode frequency is within a 50%
margin.

7.9 Conclusion

Both static and dynamic calculations have shown a good agreement with the measure-
ment results. The multidisciplinary model, comprising the reduced electromagnetic
model (Fig.6.12), the thermal model (Fig.5.2) and the noise model (Fig.6.14) can be
considered as a virtual prototype of a SRD with classical topologies in the power range
from 0.55 to 7.5 kW. The FEA-based multilevel model can fully apply its strength at
the final stage of the design, mainly for sizing of the electronic converter. Therefore,
in this thesis the model is not exploited and only its principle is described and main
features are discussed.
The synthesis process based on the virtual prototype (multidisciplinary model)

of a SRD is described in the next chapter.





Chapter 8

Synthesis of integrated switched
reluctance drives

”Squeezing out extra watts from a fixed
volume is far different than squeezing out
a few cents from a fixed amount of watts.”

T. Lipo

8.1 Introduction

This chapter describes the synthesis of the new series of general-purpose integrated
switched reluctance drives (I-SRD). The synthesis process is carried out with the
help of the multidisciplinary mathematical model introduced in chapters 3 to 6 and
validated in chapter 7. For any specific application the process includes:

• Mathematical definition of the synthesis task.

• Investigation of particular applications to derive the objectives and constraints.

• Selection of optimization methods to solve the synthesis task.

• Solving the task (optimization process).

• Analysis of the results.

The synthesis of an I-SRD as a general task is described in section 8.2. In sec-
tion 8.3, two approaches for the mathematical formulation of the task - with single
objective (”scalar”) and with multiple objectives (”vector”) - are discussed. The in-
vestigation of various applications of the I-SRD, the choice of the most prospective
ones, and the definition of the objectives and constraints are carried out in section
8.4. The methods of parametric optimization, which can be used to solve the syn-
thesis task, are reviewed in section 8.5. In sections 8.6 and 8.7, aspects of practical
implementation of genetic algorithms (GA) to optimize the I-SRD are being focused.
Section 8.6 covers the details of implementing the GAs’ own functions, section 8.7
introduces techniques that interface the mathematical model with the genetic search.
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An application example of the synthesis procedures for the design of a 4 kW I-SRD
is presented in section 8.8. In section 8.8.4 a novel method for rapid initial sizing of
an I-SRD by means of an artificial neural network is proposed. The conclusions are
given in section 8.9.

8.2 Synthesis of an I-SRD in general

It is the general intention of a designer to produce a design that satisfies many criteria.
”Optimal design” means a compromise between conflicting factors, often producing
an imperfect result after optimistic expectations. Depending on the application, the
following characteristics of the I-SRD can be chosen as constraints or as objectives
(criteria, cost functions):

• drive efficiency,

• drive power factor,

• torque pulsations,

• vibrations and/or acoustic noise,

• total harmonic distortion (THD),

• overall dimensions of the motor (or standard frame) and converter,

• cost of the main components of the drive,

• winding temperature rise and hot-spot,

• overload capability.

For example, in industrial applications the objective is usually to minimize pro-
duction and operating costs; in aerospace applications the objective is to minimize
volume or active materials weight. Characteristics such as THD or hot-spot temper-
ature rise are usually applied as constraints. However, each of the above-mentioned
characteristics may be chosen either as an objective or as a constraint.
The I-SRD design variables, which are varied in order to generate a better design,

are:

• motor topology,

• geometric shape of the cores,

• winding parameters,

• core and winding materials,

• inverter topology,

• inverter IGBT/MOSFET rating.
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Figure 8.1: Interdependence of the major variables and characteristics of an I-SRD.

The design variables and characteristics of the I-SRD are interdependent and in-
terconnected. The main characteristics (grey colored circles) and design variables
(white boxes) dependent on the application of the drive are specified and highlighted
in Fig.8.1. Unfortunately, the performance objectives naturally conflict with each
other and in many cases are non-commensurable [74]. Despite the recognized multi-
objective nature of most design assignments, most of the existing designs have been
based on the optimization of one of the criteria. The trade-offs among the remaining
design criteria have been resolved by formulating the appropriate design constraints.
These designs are therefore naturally sub-optimal since treating a criterion as a con-
straint does not yield the same optimal design as would be obtained when solving
the optimum design problem as one possessing multiple objectives. Multi-objective
(vector) optimization is to optimize k different objective functions subject to a set
of system constraints. It is mathematically formulated as:

minimize F (X) ,
subject to X ∈ Ω

(8.1)

where F (X) = [F1(X), F2(X), ..., Fk(X)]
T : Ω → Rk is a vector objective function.

The components of the function F (X) are the objective functions by which the drive
characteristics are measured. The design variables are represented by the vector X.
To solve the multi-objective task two things are needed: first, a multidisciplinary

mathematical model of the drive (a variant of such a model is described in general in
chapter 2 and in detail in chapters 3 to 6), and, secondly, the search algorithm which
can work on the principle of multi-attribute dominance explained in section 8.3.
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8.3 Scalar and vector optimization

An often used way to solve a vector optimization problem is to transform the multi-
objective problem into a scalar sub-problem using weighting methods or restriction
formulations (”scalar approach1”). One of the principal problems in utilizing this
method is the matter of choosing a suitable transformation method and selecting the
respective weighting factors. The influence of the parameters of the transformation
method on the solution is often not determinable and could lead to unfavorable
solutions. On the other hand, there exist a lot of powerful solution methods for
scalar problems.
Using the scalar approach the multi-objective optimization problem in (8.1) is

converted into a metric scalar function based on the Lp-norm (1 ≤ p ≤ ∞) for the
numerical computation of the Pareto optimal solution.
The Lp-norm represents the distance between the ideal and the attainable solu-

tions which is minimised to obtain the desired Pareto-optimal point. The minimisa-
tion of this function results in the true optimum. In a norm form, the ideal solution
vector is given as:

Ẑ =

∙
minF1(X),minF2(X), ...minFk(X)

subject to X ∈ Ω

¸
. (8.2)

For a problem involving k(≥ 2) objective functions, the ideal solution is a k-
dimensional vector, the components of which are the optima of the individual criteria
fi . These optimum values are obtained by considering each of the criteria separately
in a single optimisation problem, where other criteria are given as constraints. In
general, the ideal solution is not attainable and can not be achieved by a single
design. For the ideal solution Ẑi(X) corresponding to the i−th objective function,
the Lp-norm optimal solution is obtained by minimising a global metric function of
the following form:

minimize kW · F (X)kp =
hPk

i=1W
p
i ·
³
Fi(X)−Ẑi

´pi 1p
,

subject to X ∈ Ω, 1 ≤ p ≤ ∞.
(8.3)

In (8.3) the diagonal weighting function matrix is given as W = [W1,W2, ...Wk],
Wi ≥ 0 for all i = 1, ..., k. Generally, the weighting functions are chosen in such
a way that they all add up to unity, i.e.

Pk
i=1Wi = 1. The weighting factors

are to be chosen by an expert and depend on his experience and competence. The
multi-objective optimization problem transformed into a scalar sub-problem is stated
formally as:

minimize kW · F (X)kp , subject to X ∈ Ω (8.4)

To achieve a well-conditioned numerical computation and to obtain commensu-
rable criteria with equal variation range [0; 1] a non-dimensional (normalised) form of

the objective function is given in the following form: bF (X) = h bF1(X), ..., bFk(X)
iT
,

1or ”achievement scalarizing function approach”.
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where the individual components bFi of this vector function are defined as follows:bFi (X) =
Fi(X)−Ẑi

Ẑi
, i = 1, 2, ...k. The normalised scalar form of (8.4) is then given by:

minimize

"
kX
i=1

W p
i ·
¯̄̄̄
¯Fi(X)−Ẑi

Ẑi

¯̄̄̄
¯
p# 1

p

, subject to X ∈ Ω. (8.5)

In the limit that p tends to infinity, (8.5) reduces to:

minimize maxWi ·
¯̄̄̄
¯Fi(X)−Ẑi

Ẑi

¯̄̄̄
¯ , subject to X ∈ Ω. (8.6)

The task (8.6) can be solved by any optimization technique. If the solution is
not satisfactory the weighting factors can be changed. By variation of the weighting
factors the designer receives a set of non-inferior solutions. A solution is non-inferior
(Pareto-optimal) if there exists no other feasible solution that yields an improvement
(increase) in any of the objectives without causing a decrease in, at least, one other
objective. This condition is fulfilled by many solutions, which forms a line for a
bicriteria problem (example is shown in Fig.8.2a), a surface for a problem with three
criteria and a (k-1)-dimensional hyperplane for a problem with k objectives. The
goal is to find enough non-inferior solutions (the so-called Pareto-set) to form the
line, the surface or the hyperplane. It is noteworthy that optimal designs are situated
on the edge between feasible and unfeasible designs (Fig.8.2a).
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Figure 8.2: Geometric interpretation: (a) of the non-inferior solutions and (b) of the
multi-attribute dominance principle.

The Monte-Carlo method, the Genetic Algorithms and some other stochastic
search algorithms are suitable to solve the multi-objective problem2 without trans-
formation into the scalar sub-problems. The evaluation of the solution, attained
during the optimization process, can be based on the principle of multi-attribute
dominance. If the attributes (i.e. characteristics, objective functions) of one design

2No algorithm can solve the problem - only approximate.
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Figure 8.3: Torque-speed curves depending on application.

are all better than the attributes of another design, then the former design dominates
the latter. In this case, only the former design should be retained in the database of
dominant designs while the latter design should be discarded. If both designs have
some attributes that are better than those of other designs, then neither design is
dominant, and both designs must be retained in the database. In the example in
Fig.8.2b design 1 dominates designs 2 and 3, design 4 dominates 2 and 3, design 2
dominates 3, designs 1 and 4 are equal - neither design dominates. In this way, a
database, which contains only dominant designs, namely those designs that are on
the surface in the attribute space comprising the Pareto-frontier, is constructed.
In this thesis both scalar and vector approaches are applied for the synthesis of the

I-SRD. In sections 8.6 and 8.7 the vector optimization is considered. Its comparison
with the scalar optimization is presented in section 8.8.

8.4 Application-specific synthesis

When designing a series of general-purpose drives one should consider as much gen-
eral industrial applications as possible. Several typical applications are presented in
Fig.8.3. Torque-speed curves are drawn for each application. Since the overwhelming
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Figure 8.4: Envelopes of torque curves; (a and b) FC-IM, (c and d) I-SRD.

majority of industrial applications are pumps, fans and conveyors, the following two
major types of load curves can be outlined:

• constant torque with hard start (conveyors, mixers, escalators, piston compres-
sors, etc),

• quadratic torque without hard start (pumps, fans, centrifugal compressors, etc).

Therefore, there is a need for specific drive families first of all for these applica-
tions. It seems reasonable to develop two different subfamilies inside the new I-SRD
family: one subfamily for the constant-torque (CT) applications and the second one
for the quadratic-torque (QT) applications. The existing integrated induction motor
drives (field controlled inverter fed induction motor drives - ”FC-IM”) are designed
universal for both of the above load types. It leads to the situation when the drive of
a pump or fan has a redundant torque producing capability at all speeds below the
rated speed (Fig.8.4,a).
The novel I-SRD series should be designed with regard to the differences between

the CT and QT applications. The first subfamily, I-SRDs for CT applications, should
have the same torque-speed envelope as that of the FC-IM (Fig.8.4,b and d). The
envelope covers the speed range above the rated speed (field weakening point of FC-
IM) as, for instance, it is often the case for a conveyor’s motor to operate at speeds
above the rated one. The second subfamily, I-SRDs for QT applications, should have
the envelope different from that of the FC-IM. The shape of the envelope should be
close to that of the QT load curve (Fig.8.4,c). As the pumps and fans are rarely
operated at speeds above the rated one (the load increases with the square of the
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speed), the envelope of the QT I-SRD does not cover the speed range above the rated
speed.
As it will be proved in section 8.8.3, the I-SRD for a QT load can be built in

a frame size one step smaller than the FC-IM of the corresponding power. The
explanation of this fact is given in Fig.8.5. First, it is shown (Fig.8.5,a) that it is
possible to elaborate two designs with a different distribution of losses along the
speed range in the same frame size. As the loadability is limited by the heat removal
capability of the machine, the lower losses near the rated point allow to have higher
loadability. The pay-off is higher losses and consequently lower loadability at low
speeds.
Having the curve T2(n) (Fig.8.5,b) shifted down (to the new curve T3(n) the SRM

can probably be built in a smaller frame size (designated ”x-1”).

To
rq

ue
 , 

T 
;  

lo
ss

es
 , 

P 
lo

ss
.m

Speed, n

Operational
speed range

n1 n3

Design 1

frame
“x”

Design 2

n2

Design 2

Design 1

T1 (n)

T2(n)

P loss.m2(n)

Ploss.m1(n)

To
rq

ue
 , 

T 

Speed, n

Operational
speed range

n1 n2

Design 1

frame
“x”

Design 2

Design 3

T1 (n)
T2(n)

T3(n)frame
“x-1”

(a) (b)

Figure 8.5: Geometric interpretation of (a) designs with a different distribution of
losses along the speed range and (b) designs in different frames.

It is assumed that if the drive is capable to operate in points on the envelope,
the drive, apparently, will be able to operate in any point inside the envelope (if an
appropriate speed or torque control algorithm is applied). Therefore all calculations
are performed only for the points on the required envelopes.
Provision of a high torque at low speed is an intrinsic feature of a SRM; therefore,

the applications requiring high torque at start (for a short period of time) are not
investigated. The research should be done in the range from 30 to 100 % of the rated
speed for the QT I-SRD and in the range from 30 to 150(200) % for the CT I-SRD.
The calculation is performed at several speeds in the operational range (Fig.8.6).
The diagram representation of the synthesis task is demonstrated in Fig.8.7. For

the selected industrial applications (both CT and QT) two objectives - the lowest
possible cost and the highest possible efficiency - can be chosen as the objective
functions.
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Figure 8.7: Layout of synthesis task.
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Definition of the objective functions for a selected design

The first objective function - cost of the drive (OF1k) is calculated once for the
selected design designated with subscript ”k” from the costs of steel, copper and
switches. It is noteworthy that the manufacturing costs are not included in the cost
function.
The second objective function representing the efficiency is calculated as follows.
At the investigated speed ”i” for some set ”j” of control parameters the objective

function is:
OF2j =

η

ηdesPkij
, (8.7)

where
η - is the calculated drive efficiency, ηdes - is the desired drive efficiency,
Pkij - is the penalty for infringing the applied constraints (penalties are considered

later in this section (see (8.10))).
As it will be shown later, several calculations with different control parameters

are required at the selected speed ”i” in order to find the best control parameters.
The best (maximum) value among the objective functions OF2j is selected to be the
final objective function value at the speed ”i”:

OF2i = max (OF2j) , (8.8)

To investigate the complete operational speed range the calculations have to be
performed at several speeds. The worst (minimum) value among the objective func-
tions OF2i is selected to be the final objective function value of the design ”k”:

OF2k = min (OF2i) , (8.9)

Definition of constraints

The problem of constrained optimization can be solved by converting it into an
unconstrained form where the constraints are automatically imposed in the form of
penalty functions. In this work fuzzy constraints are used.
For some set ”j” of control parameters at the given speed ”i” the penalty function

is calculated as the product of all penalties:

Pkij = PTPLPRPPPtPc, (8.10)

where the penalties are
PT - for the torque lower than the desired limit Tdes,
PL - for exceeding the desired limit of the sound power level LwA.des,
PR - for exceeding the desired limit of the torque ripple Trpl.des,
PP - for exceeding the desired thermal load of a switch Tjun.des,
Pt - for exceeding the desired hot-spot temperature Ths.des,
Pc - for exceeding the desired limit of current density in the conductor Jdes.
The mechanism of calculating the penalties is explained in Figures 8.8 and 8.9

and by the following expression:

PR =

½
f (Trpl.cal) , if Trpl.cal > Trpl.des

1, if Trpl.cal ≤ Trpl.des

¾
, (8.11)
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i.e. if the calculated torque ripple Trpl.cal is higher than the desired value Trpl.des
the penalty has the value higher than 1.
For the general-purpose industrial applications under consideration the constraints

(limits) are defined as follows.
Low torque ripples are especially important at low speed. Special low-speed

applications are not considered in this study, so we can just keep the value of Trpl
within some specified limit (100% in this thesis - see (3.42) and Fig.8.28).
The sound power level LwA is specified in standards (IEC, NEMA) for a range

of powers and speeds. Therefore, for each speed and torque we have the LwA limit
defined.
The hot-spot temperature Ths is limited by exploitable insulation - usually the

F-class insulation for integrated drives defines Ths < 155oC.
The thermal load of the selected switch is determined by the parameter corre-

sponding to the switch type.
The acceptable steady-state current density J is set to 4 A/mm2.

Design variables

The main variables, which define the machine and converter design, are (Fig.8.10):

1. the number of stator Ns and rotor poles Nr (motor topology),

2. the stack length Lstk and stator outer diameter Ds (these values can be deter-
mined by the chosen frame),

3. the ratio d = Dr/Ds , where Dr is the rotor diameter,

4. the stator pole arc βs,
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5. the stator yoke width ys,

6. the air gap length δ,

7. the core and winding materials,

8. the inverter switch type (IGBT, MOSFET) and rating,

9. the number of turns in one coil Nc.

Other variables of the SRM shown in Fig.8.10 (hr, hs, βr, ts, tr) are dependent
on the above mentioned variables in SRMs of classical configurations [64].
The design variables can be varied in the following ranges:

1. Three traditional motor topologies can be chosen: 8/6, 6/4 and 12/8.

2. Two frame sizes can be chosen: the first frame which is used for the FC-IM
drive of the same power (the specimen), and the second one which is one step
smaller (on the IEC scale).

3. 0.4 < d < 0.7.

4. 2π
mNr

< βs <
π
Ns
, where m is the number of phases.

5. ts
2
< ys < ts for a 8/6 SRM, 3ts8 < ys <

3ts
4
for a 6/4 SRM, 4ts

5
< ys <

3ts
2
for a

12/8 SRM, where ts is the stator pole width.
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(a) (b)

Figure 8.10: Sections of the SRM: (a) cross-section and (b) longitudinal section.

6. The air gap can be chosen by the designer for each particular case based on
manufacturing considerations.

7. The core material as well as the winding material can be chosen for each par-
ticular synthesis. Steel 24123 and copper are chosen as default materials.

8. Four switch types are regarded as possible alternatives for each selected motor
design.

9. The number of coil turns Nc is defined by the demand to produce the required
magneto-motive force (MMF) [50]. It is recommended to search for the optimal
Nc in the following range:

0.67Nc.req < Nc < 1.5Nc.req, (8.12)

where
Nc.req =

VDCAslotKfillσ

MTL ·MMF

³
1− e−

trise
Tc

´
, (8.13)

where

VDC is the DC-link voltage,
Aslot is the slot area,
Kfill is the slot-fill factor,
MTL is the mean turn length,
σ is the conductivity of the winding material (taking the thermal effects into

account),

3Steel ’2412’ is the standard electrotechnical steel.
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MMF =

r
4Tmax(1+Trpl/100)δ

µ0LstkDr
(where δ - air gap, Lstk - stack length, Dr - rotor

diameter, Tmax - torque needed at the maximum speed, Trpl - torque ripple acceptable
at the maximum speed),

trise is the approximate time (found empirically [50]) during which the current
reaches its maximum value: trise = 6

Nrn
(where n - is the rotor speed in rpm),

Tc is the time constant of the winding: Tc =
ΛminAslotKfillσ

MTL
(where Λmin - magnetic

permeance of the magnetic circuit when the rotor is in the aligned position).

8.5 Review of parametric optimization methods
used in this thesis

The most popular methods of parametric optimization can be broadly classified into:

• gradient-based methods,

• Monte-Carlo method,

• experimental design method,

• methods imitating biological or physical processes.

Various combinations of the aforementioned methods are also possible.
Gradient-based methods (GBM) cannot distinguish local and global optima and

the solution process converges to the local optimum nearest to the starting point.
Therefore, to define the global optimum the search procedure should be repeated from
a sequence of starting points. Moreover, a GBM cannot work with discrete variables.
Due to the fact that some SRD design variables such as motor configuration, number
of turns and rating of converter switches have a discrete variation, application of a
GBM for optimization of a SRD is not desirable and these methods are not considered
further in this thesis.
Recently, various deterministic and probabilistic searching methods imitating bi-

ological and physical processes, such as neural networks, artificial life (A-life), evo-
lutionary strategy, etc, have been widely employed in various scientific fields for
identifying optimal solutions. The most popular example of the algorithms imitating
biological and physical processes is the Genetic Algorithm (GA).
The Monte-Carlo method and the experimental design method are described be-

low in this section; the modification of the Genetic Algorithm applied in this thesis
is thoroughly discussed in section 8.6.

Monte-Carlo method (MCM)

The Monte-Carlo method is based on scanning of the hyperspace using various
sequences (for example LPτ -sequences). The MCM has important advantages over
the synthesis based on iterative grid or gradient searches, and over the synthesis
based on expert rules. Iterative searches can have convergence problems; that is,
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they can become trapped in the local extremum during optimization. As a result,
the complete exploration of the permissible design space is often not guaranteed,
and the design creativity can, therefore, be limited. The synthesis based on expert
rules always reflects the prejudices of the expert. In fact, it is possible that an early
reliance on computer-aided systems during the design process can stifle creativity for
this reason, and lead only to cloning of existing designs. The MCM does not have this
problem. The disadvantage of the MCM is that it is more time-consuming than the
others, because a large number of designs must be synthesized to adequately cover
the permissible design space. However, given the ever increasing computational speed
of contemporary computers, this disadvantage does not appear to be too important.
Evaluation of results can be done based on the multi-attribute dominance.

Experimental design method (EDM)

The EDM is good to use if, first, some information about the hyperspace con-
figuration is available, secondly, all the variables have a continuous variation and,
thirdly, the number of variables is not too high - from two to five.
The method presupposes two stages:

• Approximation of the hyperspace by the equivalent function Fe(x), that corre-
sponds to a hyperplane,

• Search for optimum by non-linear programming methods using the derivatives
of Fe(x) or simply by scanning the equivalent hyperspace.

To build the equivalent function Fe(x) for three variables (x1, x2, x3) 15 calcula-
tions according to the plan in Table 8.1 are needed. A mapping function X ⇔ x has
to be used to transfer between the values in the table (x1, x2, x3) and the real values
(X1, X2, X3) of the variables:

x =
2X −Xmax −Xmin

Xmax −Xmin
, (8.14)

X =
Xmax(1 + x)

2
− Xmin(1− x)

2
. (8.15)

The equivalent function for three variables is:

Fe(x0, ..., x9) = b0 +
9X

i=1

bixi, (8.16)

where the coefficients can be calculated as

bi =

P15
u=1 xiufuP15
u=1 x

2
iu

, (8.17)

where
u - is the number (1...15) of the current calculation (virtual experiment),
fu - is the objective function for the current calculation,
i - is the number (0...9) of the factor x.
x0u = 1 for any u.
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u x1 x2 x3
x4=
x21-
0.73

x5=
x22-
0.73

x6=
x23-
0.73

x7=
x1x2

x8=
x1x3

x9=
x2x3

1 -1 -1 -1 0.27 0.27 0.27 1 1 1
2 1 -1 -1 0.27 0.27 0.27 -1 -1 1
3 -1 1 -1 0.27 0.27 0.27 -1 1 -1
4 1 1 -1 0.27 0.27 0.27 1 -1 -1
5 -1 -1 1 0.27 0.27 0.27 1 -1 -1
6 1 -1 1 0.27 0.27 0.27 -1 1 -1
7 -1 1 1 0.27 0.27 0.27 -1 -1 1
8 1 1 1 0.27 0.27 0.27 1 1 1
9 -1.215 0 0 0.75 -0.73 -0.73 0 0 0
10 1.215 0 0 0.75 -0.73 -0.73 0 0 0
11 0 -1.215 0 -0.73 0.75 -0.73 0 0 0
12 0 1.215 0 -0.73 0.75 -0.73 0 0 0
13 0 0 -1.215 -0.73 -0.73 0.75 0 0 0
14 0 0 1.215 -0.73 -0.73 0.75 0 0 0
15 0 0 0 -0.73 -0.73 -0.73 0 0 0

Table 8.1: Plan of the calculations (virtual experiments) in the EDM.

8.6 Genetic algorithms

Genetic Algorithms (GAs) are probabilistic search algorithms that are inspired on the
principle of ”survival of the fittest”, derived from the theory of evolution described
by Charles Darwin in ”The Origin of Species”. GAs are often more attractive than
gradient search methods because they do not require complicated differential equa-
tions or a smooth search space. The GAs need only a single measure of how good a
single individual is compared to the other individuals.
Several successful applications of GAs for the design of electrical machines and

electromagnetic devices are reported in [19], [47], [69], [70], [73], [88].
GAs, when properly implemented, are capable of both exploration (broad search)

and exploitation (local search) of the search space. The type of behavior depends on
how the operators work and on the ”shape” of the search space. The layout of a GA
is presented in Fig.8.11.
The individuals of the initial population should be evaluated. Here it is important

to note the distinction between fitness and objective scores. The objective score is
the value returned by the objective function; it is the raw performance evaluation
of a genome. The fitness score, on the other hand, is a possibly-transformed rating
used by the GA to determine the fitness of individuals for mating. The fitness score
is typically obtained by a linear scaling of the raw objective scores (but any mapping
can be defined, or no transformation at all). For example, if linear scaling is used
the fitness scores are derived from the objective scores using the fitness proportional
scaling technique described in [33]. The GA uses the fitness scores, not the objective
scores, to do the selection.
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Figure 8.11: GA flow diagram.

Typically, a GA has no obvious stopping criterion. One must tell the algorithm
when to stop. Often the number-of-generations is used as a stopping measure, but
goodness-of-best-solution, convergence-of-population, or any problem-specific crite-
rion can be used if preferable.
There are many different types of GAs, for instance:

• The standard simple GAdescribed by Goldberg in his book [33]. This algorithm
uses non-overlapping populations and optional elitism. Each generation the
algorithm creates is an entirely new population of individuals.

• Steady-state GA that uses overlapping populations. In this variation, one can
specify how much of the population should be replaced in each generation.

• Incremental GA, in which each generation consists of only one or two children.
The incremental genetic algorithms allow custom replacement methods to de-
fine how the new generation should be integrated into the population. So, for
example, a newly generated child could replace its parent, replace a random
individual in the population, or replace an individual that is most like it.

• Deme GA. This algorithm evolves multiple populations in parallel using a
steady-state algorithm. In each generation the algorithm migrates some of
the individuals from each population to one of the other populations.

In this thesis a standard simple GA is used, in both scalar and vector form.

Representation scheme

The representation scheme is the method of coding the design variables into
finite-length character strings - chromosomes or genomes. The design information
is grouped and contained in the chromosome-like structure (Fig.8.12). Defining an
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appropriate representation is part of the art of using GAs (and at this point, it is
still an art, not a science).
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Figure 8.12: Chromosome (genome) structure (a) with binary encoding and (b) with
alphabetic encoding.

Selection of individuals for mating

In GAs, a probability function has to be defined to select the best fitted chromo-
somes for an existing population.
The probability function can be defined as [70]:

Pi =

QM
m=1C

Km
miPN

i=1

hQM
m=1C

Km
mi

i . (8.18)

In this equation Cmi is the fitness number of the m-th objective function for
the i-th chromosome, M is the number of objective functions, N is the number of
chromosomes in a population, and Km is the fuzzy weight which shows the goodness
of the m-th objective function.
The fitness number of the m-th objective function for the i-th chromosome is

defined as:

Cmi =

(
C0mi

γm
, if C0

mi > 0

0, if C0
mi ≤ 0

)
, (8.19)

where C0
mi is the fitness value for them-th objective function and γm is the summation

of the positive fitness values.
The fitness value for each objective function is defined as:

C0
mi = fmi − µm, (m = 1, 2, ...,M ; i = 1, 2, ..., N), (8.20)

where µm - is the mean value of the m-th objective function in the population se-
quences:

µm =
1

N

NX
i=1

fmi, (8.21)
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fmi is the fuzzy weight which shows the goodness of the i-th chromosome for the
m-th objective function.
To defineKm, the first stage is to fuzzify the objective functions. The membership

function for the m-th fuzzy objective function is:

µfmi =

⎧⎨⎩
0, if fmi ≥ fmaxm

fmaxm −fmi

fmaxm −fminm
, if fminm > fmi > fmaxm

1, if fmi ≤ fminm

⎫⎬⎭ , (8.22)

where µfmi - is a mapping from the real number set to the closed interval [0, 1]. This
is a measure of the degree of satisfaction for any variable in the m-th fuzzy objective
function. fminm and fmaxm represent the minimum and maximum bounds for the m-th
objective function, respectively.
The membership weighting factor is formulated as follows:

Wfmi = 1− µfmi (8.23)

and the fuzzy weight Km is defined as:

Km =
WfmiPM
m=1Wfmi

. (8.24)

Crossover, mutation and creation of a new population

The crossover operator defines the procedure for generating a child from two
parent genomes (Fig.8.13). The mutation operator defines the procedure for mutating
each genome. The mutation means different things for different data types. For
example, a typical mutator for a binary string genome flips the bits in the string
with a given probability. The mutation should be able to introduce new genetic
material as well as modify existing material.

8.7 Coupling of the genetic algorithm with the ex-
perimental design method

During the synthesis process the characteristics of different drive designs are com-
pared. Only the best achievable characteristics of each drive should be taken for the
comparison. Therefore, for every selected design and any given speed the optimal
control parameters have to be defined. There are three control parameters, namely:

• turn-on angle,

• turn-off angle (or dwell interval),

• hysteresis band (when current control is applied) or PWM duty-cycle (when
voltage control is applied),
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a) b)

c) d)

Figure 8.13: Examples of crossover and mutation: (a) single-point crossover operator,
(b) two-point crossover operator, (c) list node swap mutation, (d) list sequence swap
mutation.

that can be varied in order to achieve the best characteristics.
To find the optimal control parameters a method should be used which is time-

efficient and reliable at the same time. The criterion of time-efficiency is the number
of iterations required to reach the optimum solution. Taking into account the follow-
ing facts:

• the time required for one simulation and calculation of the characteristics is
approximately 0.5 seconds (on Compaq Evo Pentium(R) 4 CPU 2.40 GHz, 224
MB RAM),

• for every design the characteristics are calculated at six speeds in order to
investigate the complete operational speed range,

• it is supposed to have 50...100 species in each GA generation,

• it is supposed to have 5...10 generations in the synthesis process,

• it is supposed to set a general time limit for the synthesis process - 8 hours,

a conclusion can be drawn that 10...40 iterations can be spent to obtain the
optimal control parameters for every selected design at each of the selected speeds.
Taking into account the number of control parameters (three) and the require-

ment for the defined number of calculations, two methods - EDM and MCM (both
described in section 8.5) can be considered as candidates to solve the problem.
The EDM requires 15 simulations to find the optimal control parameters. One

additional simulation with the optimal control parameters is required to calculate the
objective function (efficiency). The MCMmethod can use any number of simulations.
A comparison of the two methods was carried out. A considerable number of cal-

culations was performed to find out that EDM provides better results for the designs
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(a) (b)

Figure 8.14: Slice of the hyperspace of the control parameters for some selected cur-
rent limit obtained (a) by the 100 scanning simulations and (b) 15 EDM simulations.

close to the optimal ones (i.e. for the designs with objective functions having high
values not affected by the penalties). The response surface obtained by scanning the
space of variables (100 simulations were performed for 10 evenly distributed turn-on
angles and 10 dwell intervals) and the surface calculated from the equivalent func-
tion Fe(x) found with the help of EDM are presented in Fig.8.14a and b, respectively.
Both surfaces were obtained at the constant current limit of 17 A. It can be seen that
the surfaces have a similar form, wherefrom a conclusion can be drawn that EDM
provides the surface satisfactorily approximating the real response surface.
An example of comparison of the EDM and MCM is shown in Fig.8.15. For the

MCM two different numbers of simulations were used: 16 (equal to the number of
simulations in EDM) and 30. The design investigated in Fig.8.15 is one of the Pareto-
optimals. Therefore, the EDM performs better than the MCM with 16 simulations.
However, from other calculations it is found out that in general the MCM with 30
simulations provides more reliable results than the EDM. Thus, it can be concluded
that when a lower number of simulations is required the EDM should be applied,
while when the number of simulations can be higher, the MCM with as much as
possible simulations should be used.
An estimation of the number of simulations required for the complete synthesis

process can be done. To investigate one design at six chosen speeds 6 · 16 = 96
simulations have to be performed (Fig.8.16). If each GA generation has a size of
about 50 species, 50 · 96 = 4800 simulations for each generation are needed. For 10
generations it takes 10 · 4800 = 48000 simulations. So, the synthesis/optimization
process is time-consuming, involving intensive calculations.
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Figure 8.15: Characteristics found with the help of the EDM and the MCM.
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*EDM – Experimental Design Method

EDM* optimization
of control parameters:
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Figure 8.16: Optimization of a SRD using GA and EDM.

8.8 Application of the proposed synthesis proce-
dure

8.8.1 Comparison of the optimization algorithms

The proposed optimization scheme is illustrated with the design of a new general-
purpose I-SRD. This I-SRD is designed as an alternative to the existing Integral
Motor M2AK112M (in this drive manufactured by ABB Motors an induction motor
is integrated with a frequency converter). The M2AK112M characteristics are as
follows:

• rated power - 4 kW,

• rated torque - 26.6 Nm,

• rated speed - 1500 rpm,

• operational speed range - 0...3000 rpm,

• insulation class - F,

• shaft height - 112 mm.

Such an electrical drive is intended for use in industrial applications for variable
speed control of pumps, fans, centrifuges, conveyors, etc. The Integral Motor per-
formance indexes in the working speed range are shown in Fig.8.17. These curves
can be regarded as the lower boundaries (i. e. as constraints) for the corresponding
characteristics of the new I-SRD.
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Figure 8.17: M2AK112M: (a) load ability curve and (b) efficiency in the working
speed range.

The synthesis task is formulated according to the layout presented in Fig.8.7.
The following characteristics were chosen as objectives:

• cost,

• efficiency divided by the penalties - as in (8.7) - called ”performance”,

and the following characteristics as constraints:

• torque,

• torque ripples,

• temperature rise,

• sound power level,

• switch thermal load,

• current density.

THD and power factor are not investigated, for these values depend on the supply
network and the input choke parameters. Moreover, the reduced model (described
in section 3.4) used for the synthesis doesn’t take the DC-link and the rectifier into
account.
Several methods of solving the problem have been used:

• Monte-Carlo (MC) (vector),

• GA (vector, alphabetic encoding),

• GA (vector, binary encoding),

• GA (scalar, binary encoding),
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Figure 8.18: Pareto curve in the ”performance-cost” map.

and the comparison of the methods is presented further in this section.
The set of Pareto optimal designs (Pareto curve) found using the vector GA opti-

mization with alphabetic encoding (the algorithm is given in section 8.6) is presented
in Fig.8.18. The characteristics of several drives are highlighted (white diamonds) to
show the diversity in designs of the non-inferior drives. The area comprising the rea-
sonable (from the point of view of a designer) designs is marked. These designs have
performances near to unity (that means they are slightly affected by the penalties, in
other words they fulfill the requirements and constraints) and the cost of the drives
is moderate (compared to those with performances significantly better than unity).
It is noteworthy that the Pareto optimal drives have various configurations, frame

sizes and exploit both IGBTs and MOSFETs.

Comparison of scalar and vector optimization approaches

When using the scalar GA the fitness value4 should combine efficiency as well as
cost:

FGA =
1

2Pkij

³
η

ηdes
+ Cdes

C

´ (8.25)

4as it was already mentioned in section 8.6, the fitness value should not be mixed with the
objective functions proposed in sections 8.4 and 8.6.
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where η is the calculated drive efficiency, ηdes is the desired drive efficiency, C is the
cost of the investigated drive, Cdes is the desired cost of the drive, Pkij is the penalty
for infringing the applied constraints.
The scalar GA operation for the first six generations is shown in Fig.8.19a. The

vector GA operation is shown in Fig.8.19b for comparison.
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Figure 8.19: "Evolution" process along six generations for (a) scalar GA and (b)
vector GA (both with binary encoding).

To get the Pareto optimal set and the corresponding curve (hyperplane) a series
of calculations (synthesis/optimization processes) is required when using scalar GA
or MC, while when applying vector GA or MC the Pareto optimal set is formed from
one synthesis process. Therefore, scalar methods are less time-efficient. Moreover,
the final results of scalar GA are often worse than those of vector GA (Fig.8.20a).
This is explained by the fact that vector formulation allows keeping a wider variety of
designs, which can potentially produce better fitted individuals in later generations.
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Figure 8.20: (a) Vector GA vs. scalar GA: a typical example; (b) scalar MC vs.
scalar GA: several trials.
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Comparison of GA and MC in the design optimization

To compare GA and MC (both scalar and vector ones) time limits were set and a
series of optimizations was carried out: the one half using GA, the second half using
MC. The results are presented in Fig.8.20b (scalar) and Fig.8.21a (vector). It can be
seen that usually GA provides better results. Although, when the time given for the
optimization is increased the difference in results decreases.
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Figure 8.21: (a) Vector MC vs. vector GA: a typical example; (b) scalar GA: binary
vs. alphabetic encoding.

Comparison of alphabetic and binary encoding

Two types of encoding - alphabetic and binary (Fig.8.12) were tried. It was
found that neither of the encoding types dominates explicitly, though the alphabetic
encoding often shows faster growth of the average fitness (Fig.8.21). In general the
performances of the method depend on the discretization of the design variables.

8.8.2 Influence of various design variables on the perfor-
mance and cost

The influence is illustrated on the ”performance-cost” map, i.e. in each case the
Pareto-sets of solutions are compared.

Influence of the motor frame size

There exists a strong link between the frame size and the location of the design in
the ”performance-cost” map (Fig.8.22). Bigger frames are more expensive. Moreover,
using a bigger frame usually means using more steel (stator diameter is bigger) and
copper (the space for the winding is larger). It is easier to achieve better performances
with a bigger frame, because such a frame dissipates the heat better, a bigger rotor
diameter allows the creation of a higher torque and the control parameters can be
oriented, for instance, to lower torque ripples rather than the highest possible torque.
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Therefore, the designs with bigger frames are situated in the area of higher cost and
better performance. The purpose of the designer of an I-SRD is to have the frame size
at least the same as the competitor - FC-IM drive. A smaller frame size is preferable,
first of all as a less expensive variant.
The designs with the frame size 112 have performances near unity (Fig.8.22a).

Therefore, an I-SRD for a CT load can be built in the same frame size as the FC-IM
of the corresponding power.
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Figure 8.22: (a) Performance-cost map with frame size as parameter; (b) sound power
level vs. topology.

Influence of the motor topology on the noise level

Some authors compare various topologies of a SRM from the acoustic noise point
of view [2]. The topology 12/8 is often declared as the most ”silent”. The reason
of this is the dominating vibration mode 4, which is advantageous compared to the
mode 2 in 8/6 and 6/4 topologies. However, this is true only when the yoke thickness
is the same in 12/8 and, say, in 6/4. For example, when the yoke thickness is chosen
according to the flux-conducting capability, the yoke in 12/8 will be twice as thin
as in 6/4 and as a consequence the 12/8 motor can be noisier than the 6/4 one as
for example in Fig.8.22b where SPLs of all the designs investigated throughout the
synthesis process are presented.
When the synthesis procedure proposed in this thesis is applied, none of the

topologies has a considerable advantage.

Influence of the winding type

A rectangular concentrated winding provides better reparability because of the
possibility to remove the coils from the poles. The randomly wound winding pro-
vides lower current densities and better heat transfer. When using a rectangular
concentrated winding the frame size will often be bigger for the same performance
(framesizes 112 and 132 in Fig.8.23a).
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Figure 8.23: Performance-cost map for a CT load: (a) with frame size and winding
type as parameters and (b) with the air gap length as parameter.

Influence of the air gap length

Decreasing the air gap length we can improve the drive performance and reach
a more compact design. For example5, we can even fit the frame 100 with the 4
kW CT drive by decreasing the air gap to 0.1 mm. However, we are limited by the
technology of manufacturing.

Influence of the winding material

Computations have shown that for a specified rated power the I-SRD for QT load
can be built with an aluminum winding in the same frame as the I-SRD for CT load
with a copper winding.

Influence of the switch type

IGBTs are more expensive than MOSFETs, at the same time IGBTs have lower
switching losses. Therefore, in the performance-cost map the designs with IGBTs
are often found in the area of higher performance and higher cost.

Influence of the coils connection in the winding

The connection of the phase coils (series or parallel) strongly influences the rate
of rise of the current when the phase is energized. The rise of the current takes place
near the unaligned position where the phase inductance is almost constant and the
back-emf is close to zero. Disregarding the back-emf and writing the equation for the
current as for a simple coil yield:

i = Imax

µ
1− e

− tRcoil
Lcoil

¶
, (8.26)

5The calculations and the results are not presented in this thesis
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where Imax = VDC
2Rcoil

for the series connection of the coils and Imax =
2VDC
Rcoil

for the
parallel connection.
Thus, when parallel connection is used it is easier to build-up the current. This

advantage can be utilized at high speeds.
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Figure 8.24: Influence of the coils connection on the performance-cost map: (a) at
6000 rpm and (b) 3000 rpm.

The computation results illustrated in Fig.8.24 show that for the high-speed ver-
sion of the I-SRD (600...6000 rpm) the parallel connection of the coils in the winding
is preferable, while for the medium-speed version (300...3000 rpm) the series connec-
tion is better.
A ”wide speed range” version (300...6000 rpm) can be designed with a switch for

transferring between series and parallel connection.

8.8.3 Characteristics of the Pareto-optimal 4 kW I-SRDs

A series of computations was performed to investigate the I-SRD series in the power
range of 0.75...7.5 kW. As an example the characteristics of 4 kW I-SRDs for CT
and QT loads are presented in this section.

Comparison of CT and QT

It is obvious that with a QT load the thermal load is near to maximum throughout
the speed range, while with a CT load it is near to maximum only at low speed
(Fig.8.25). Consequently, at higher speeds the machine, designed for a CT load,
has a redundant thermal capability, in other words, the frame of the CT machine is
redundant.
Computations have shown that an I-SRD for a QT load can be built in a frame

size one step smaller than the FC-IM of the corresponding power (framesizes 100 and
112 in Fig.8.26).

Optimal current waveforms
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(a)

(b)

Figure 8.25: Desired (maximum allowable) and calculated temperature rise vs. speed
of a 4 kW I-SRD for (a) CT-load and (b) QT-load.
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Figure 8.26: Performance-cost map of a 4 kW I-SRD with a CT- and QT-load.
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Figure 8.27: Current waveforms of a 4 kW I-SRD at different speeds and loads.
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I-SRD
SPL, (dB(A)) /
Efficiency, (%)

Design Cost,

type
1000
rpm

1500
rpm

2000
rpm

δ,
mm

ys/ts Nc Dr/Ds
βs,
rad

Euro

Low
noise

69.7/
82.2

71.0/
89.4

72.2/
89.4

0.2 0.75 204 0.51 0.38 56.5

Stan-
dard

78.2/
79.8

79.7/
87.9

82.7/
91.2

0.2 0.63 209 0.56 0.32 58.8

Table 8.2: Comparison of a standard and a low-noise I-SRD.

Figure 8.28: Torques of a 4 kW I-SRD (torque ripples of 100%).

The optimal current waveforms at different operational points in a particular
speed range are shown in Fig.8.27.

Low-noise vs. standard design

A low-noise design means thicker stator yoke and wider teeth. Sometimes, a
narrower air gap is required to compensate the lower space for the winding. As an
example, in Table 8.2 the comparison of the low-noise and the standard designs is
presented.

High vs. low torque ripple design

An important conclusion is that competitive characteristics of an I-SRD (com-
pared to a FC-IM) can be achieved only at quite high torque ripples. As a visual
example of the typical torque ripple level (100%) the torque curves are shown in
Fig.8.28. The torque ripples are not so critical at medium and high speeds, though.
From the point of view of design wider poles (βs) should be used to ensure lower
torque ripples. In Table 8.3 the comparison of a low torque ripple and a standard
design is presented.
One of the Pareto-optimal designs, obtained as a result of the synthesis process,

is compared to the Integral Motor M2AK112M in Fig.8.29. Such results are typical
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I-SRD
SPL, (dB(A)) /
Efficiency, (%)

Design Cost,

type
1000
rpm

1500
rpm

2000
rpm

δ,
mm

ys/ts Nc Dr/Ds βs,
rad

Euro

Low tor-
que ripple

65.0/
78.0

65.0/
86.1

69.0/
91.3

0.15 0.61 194 0.53 0.37 61.7

Standard
78.2/
79.8

79.7/
87.9

82.7/
91.2

0.2 0.63 209 0.56 0.32 58.8

Table 8.3: Comparison of a standard and a low-ripple I-SRD.
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Figure 8.29: Comparison of the characteristics of an I-SRD and a FC-IM.

for all I-SRDs in the power range 0.75...7.5 kW. The I-SRD will have higher efficiency
(by 7...15%) than the FC-IM, but will be noisier (by 5...10 dBA). It is noteworthy
that though the I-SRD is noisier than the FC-IM its noise level is within the IEC
limits.

8.8.4 ANN-based expert system for use instead of sizing
equations

The synthesis procedure described in the preceding sections is an alternative to the
traditional approach exploiting sizing equations. It is likely that during the next
10-20 years the synthesis approach will supplant the sizing equations in the area of
drives design. However, in the more distant future other technologies, most probably
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Artificial Intelligence (AI) technologies, will be used together with the synthesis and
finally will dominate in the area of drives design. In this section one of the AI
technologies, Artificial Neural Networks (ANNs), is regarded as one of the alternatives
to the sizing equations.

Artificial Neural Networks

ANNs are computing systems whose structures are inspired by a simplified model
of the human brain. They can learn from experimental data or from simulations,
grasping the essential characteristics of a physical system. ANNs are applied in
various fields of engineering, including adaptive pattern recognition, adaptive sig-
nal processing, adaptive dynamic modeling, adaptive control, expert systems, etc.
However, there were few attempts in using ANNs for design optimization [44], [68].
As already stated in chapter 1, the SRM can have various topologies (number of
phases, number of stator and rotor teeth, winding connections), and the converters
for SRMs can also have various topologies depending on the SRM topology and mode
of operation.
At the dimensioning stage the ANN-based expert system can be regarded as

an alternative to the usually applied sizing equations [6]. If sizing equations do
not include all the desired characteristics of the drive, i.e. torque in the working
speed range, insulation class, noise level, efficiency, torque ripples, etc, these sizing
equations will provide sub-optimal designs. An ANN-based expert system looks more
reliable in this issue.
In this section an approach to the optimal design of a SRD is proposed (Fig.8.30)

where a trained ANN is applied as an expert system which leads the designer from
the given specifications directly (in a matter of milliseconds) to the almost optimal
design. Some stochastic optimization techniques (for example, Monte-Carlo) can
then be applied to achieve the optimal geometric shape and winding configuration of
the motor.
To provide design variables close to the optimal ones for any specific requirement

the ANN should first achieve the input Ii to output Oi mapping function, which
describes the governing input-output relations in an electrical drive system. The
inputs to the ANN include the desired characteristics of the drive (specification data
in Fig.8.30). The outputs of the network are the motor and converter topologies,
stator diameter and stack length of the motor, number of turns in the stator coil,
etc. To achieve the input-output mapping function the ANN has to be trained using
an appropriate learning algorithm. The training procedure is characterized by the
following main points:

• Creation of the training set (training patterns).

• Training of the ANN to match the defined training set.

• Validation of the trained ANN.

Training patterns (Fig.8.31a) can be prepared by numerical simulation or from
already existing designs. Since the SRD is a relatively new drive type there is no
catalogue data available, so practically only the numerical simulation can be used.
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The ANN training and validation phases can be easily realized with the help
of standard procedures of the Neural Network Toolbox of MATLAB/SIMULINK
software. Due to the advanced features of the software the program code can be very
compact:

% Creation of the new feedforward network of ”7-200-7” topology, with tan-sigmoid
transfer functions

net=newff(minmax(inputs),[200,7],{’tansig’,’tansig’},’traingd’);
% Initializing weights
net = init(net);
% Training the network
[net,tr]=train(net,inputs,targets);
% Simulation (validation)
result=sim(net,data);

It is important to note that an ANN must be trained through the sets of data
which describe only the Pareto-optimal designs (Fig.8.31b). Then, the ANN will
provide better starting conditions (initial designs) and for any specification we will
be able to get the almost optimal design variables.

ANN architecture selection

Various structures of feed-forward and recurrent ANNs with various activation
functions of neurons in the hidden layers were tested. There is no general way
to determine the optimal number of neurons for a given system to obtain a good
compromise between the network accuracy and the convergence speed, so several
variants were considered. The appropriate number of data required to train the
network is approximately the number of neural network weights times the inverse
of the accuracy parameter, so the number of training patterns has to be large -
up to several hundreds. It was found that two ANN types - the well-known feed-
forward (Fig.8.32a) and radial basis function (RBF) networks (Fig.8.32b) - have the
best generalization capabilities. The RBF network may require more neurons than
standard feed-forward back-propagation networks, but often they can be designed in
a fraction of the time it takes to train standard feed-forward networks. They work
best when many training vectors are available [57].

Validation of the approach

The procedure of finding the optimal design is time-consuming. The optimization
can take many hours. To form the training set of an appropriate size many days would
be needed. Therefore, the approach was tested on induction motor drives (catalogue
data of the motor manufacturer Schorch, Germany were used). The results are quite
promising.
To achieve a better performance for both selected ANN-types the normalization

of input data and denormalization of targets should be done before training and
during implementation. To normalize the input values to the range [−1; 1] (8.14) can
be used. The targets can be denormalized using (8.15).
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Figure 8.32: Structure of (a) a generic feed-forward ANN (Multi-Layer Perceptron)
and (b) RBF-network.

”On-line” network training

The usual way to train an ANN is to provide it with the training sets calculated
beforehand. Another way is to couple the ANN with the SRD model (Fig.8.33) and
get permanent ”on-line” training any time the SRD model is used by the designer for
various tasks. It will slightly slow down the work of the SRD model, but the ANN
characteristics can be permanently improved. After the training, the neural network
can be used separately as a stand-alone expert system.

8.9 Conclusion

The main conclusion, which can be drawn from chapter 8, is that the I-SRD can be
a competitor to the existing FC-IM drive. The important facts are:

• the I-SRD for a CT-load can be built in the same frame size as the FC-IM of
the corresponding power,

• such an I-SRD will have higher efficiency (by 7...15 %) than the FC-IM, but
will be noisier (by 5...10 dB(A)),

• the I-SRD for a QT-load can be built in a frame size one step smaller than the
FC-IM of the corresponding power,

• the designs of I-SRDs with equal rated power for CT- and QT-loads will be
different,

• for a specified rated power the I-SRD for a QT-load can be built with an
aluminum winding in the same frame as the I-SRD for a CT-load with copper
winding,
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• a low-noise I-SRD can be designed when the air gap is small (around 0.1 mm),

• competitive characteristics of an I-SRD can be achieved only at quite high
torque ripples (100%),

• for the I-SRD version with 600...6000 rpm parallel connection of the coils in
the winding should be used, while for the version with 300...3000 rpm series
connection is better.

• a ”wide speed range” version with 300...6000 rpm can be designed with a switch
for transferring between series and parallel connection.

The method proved to be the best suited for solving the synthesis task in the
proposed form, is the Genetic Algorithm method in the vector form with alphabetic
encoding. The GA method should be coupled with the Experimental Design Method
when higher time-efficiency is required or with the Monte-Carlo method when higher
reliability is needed.
It is obvious that to solve the synthesis task in the form presented in this chapter

special software is required. The novel software, named SRD-DASP (described in
Appendix A), created for the synthesis of a SRD can handle all the required tasks.
This software allows the preparation of training sets (based on the Pareto-optimal
designs) for teaching of the ANN. Such a trained ANN can be regarded as a prototype
for the future CAE systems exploiting artificial intelligence.
A separate comparison of the design variables (as it is often done for topologies)

makes no sense due to their mutual influence. Even for one specification we get a
Pareto set of solutions and this set contains different designs many of which meet the
specification to some extent.





Chapter 9

Conclusions and recommendations

9.1 Conclusions

As stated in section 1.1 the purpose of this thesis is the investigation of the char-
acteristics of a new series of integrated switched reluctance drives (I-SRDs) based
on models verified in the laboratory, leaving the final designing, prototype building,
testing and manufacturing to the large drives companies. The main purpose is not
to present a final solution but rather to show the possibilities in the design of I-SRDs
and to bring in some novel approaches to the design process.
These novel approaches can be summarized as follows.

Electromagnetic models

An original motor model comprising SIMULINK block-diagrams and MATLAB
script is introduced for rapid simulations of the motor behavior (section 3.4). For a
detailed investigation of the behavior of the entire SRD a novel multilevel model is
elaborated (section 3.5).

End-effects

In the analysis of end-effects (section 3.3.2) a steel-imaging factor is introduced,
and new expressions which take into account the dependence of the steel-imaging
and axial-fringing factors on the rotor position are given. Finally, a set of practical
expressions for rapid correction of 2D magnetization curves is presented.

Thermal analysis

An original thermal equivalent circuit is elaborated (sections 5.1 and 5.4), which
allows using a very simple and fast method to solve the circuit. A novel concept of a
multi-layer equivalent cylinder is introduced for modeling the motor winding (section
5.5).

Design approach
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The proposed design approach is far from standard. It does not apply sizing
equations. If we try to express its main idea in mathematical expressions it should
be something like: ½

OD = PS/E +MLM
PS = (MDM ∗EV )(GA+EDM)

¾
, (9.1)

where
OD is the optimal design,
PS is the Pareto set,
E is the work of the expert to select the most attractive design,
MLM is the multilevel model,
MDM is the multidisciplinary model,
EV is the experimental validation of the model,
GA is the genetic algorithm in its vector formulation,
EDM is the experimental design method.

The expressions sound like:

”Optimal design can be achieved by using a multidisciplinary model
validated by experiments, which is continuously running inside the
iterative synthesis/optimization procedure according to a genetic
algorithm coupled with an experimental design method. This process
produces a Pareto set, from which an expert selects the most suitable
design. The analysis of this design should be performed using the
FEA-based multilevel model”.

ANN-based expert system

A novel concept of an expert system based on ANN technology is proposed (sec-
tion 8.8.4) as an alternative to the traditional sizing equations. Such ANN-based
expert system can be regarded as a prototype for the future CAE systems applying
artificial intelligence.

Novel software

Two special software packages have been created to solve the selected design tasks.
The first one, called SRD-DASP, is a non-commercial proprietary package created

in MATLAB environment. The core of the package is the reduced model of a SRM
presented in section 3.4. The SRD-DASP is described in Appendix A.
The second software package called CASPOC-SRD1 is a professional tool intended

for the analysis of the behavior of the entire SRD exploiting the multilevel concept.
CASPOC-SRD was created on the basis of traditional CASPOC technology.
The CASPOC-SRD was created by Simulation Research Inc. (The Netherlands)

in collaboration with the author of this thesis.
1Only a preliminary non-commercial version exists. The work is not finalized at the time of

writing of the thesis.
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Representation of the results of the ”performance-cost” map

The ”performance-cost” map (section 8.8.2) is used for analysis of the results
of the synthesis process. This form of representation is extremely useful for the
comparison of various optimization methods, design variables, etc. In each case
Pareto-sets are compared.

New product family

Based on the presented design approach and some new ideas, the preliminary
design of a new SRD product family has been performed. According to the computa-
tions, the new series of I-SRDs has considerable advantages in comparison to existing
products (some disadvantages exist as well, though). The author is convinced that
this new series will find its way to the market.

9.2 Future work and recommendations

This thesis provides some novel methods and tools for the dimensioning of SRMs.
However, the converter is investigated insufficiently. Therefore, methods and tools
for dimensioning the converters in a SRD, including, for example, DC-link capacitors
and input choke sizing, have to be developed in the future.
The models applied in the thesis can handle only the situations when a single

phase is energized at any moment. The mixed commutation (when two phases are
energized simultaneously) often provide better results in practice and therefore it
would be useful to model these algorithms.
The proposed approach can be applied only for SRDs of 0.75...7.5 kW in standard

IEC-frames. An extension of the algorithms and the software is possible to cover a
wider range of powers, topologies and frame types. These recommendations could
be interesting, first of all, for companies planning to develop I-SRDs but having a
limited experience in this technology.

The following recommendations could be interesting for designers, and especially
for manufacturers.

On top or in line?

Most manufacturers of integrated drives position the converter on top of the motor
to conserve the foot-print space and to easily access the converter. Another benefit is
that when required, the standard converter can be simply removed from the motor.
Some companies package the converter axially to the motor, opposite the drive

end. They consider the axial location preferable for cooling as well as vibrations.
The fan arrangement pulls air across the electronics unit efficiently. A top-mounted
design makes the electronics more prone to heating since motor-generated heat rises,
especially after the unit has been turned off. Also, axial motor vibration is consid-
erably less, which contributes to product longevity. In Fig.9.1 and 9.2 an explosive
drawing of an Integral Motor from ABB and the placement of the components inside
the converter are presented as an example of ”in line” design.
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Interfaces

Typical interfaces to these integrated drives should include a keypad (sometimes
optional), a plain-text operator panel (RS-232 connection to a PC), or a simple
switch (or contact) input. Most units should come with basic factory set parameters
for quick installation. A motor-mounted control box with a LED display of motor
speed and fault codes is desirable. Communication and networking for these drives
are required as well.

Thermal design

Additional methods used to increase the winding dissipation include improved
winding impregnation techniques and potting of the end-windings [85]. Vacuum
impregnation can eliminate air pockets within the winding. For instance, a decrease
in temperature rise of around 5-10% can be achieved when the motor is perfectly
impregnated compared to a 50% impregnated motor. If the end-windings are potted,
a reduction in temperature rise of 10-20% can be expected.

Low-noise design

The lamination steel used for the cores of SRMs should be truly anisotropic
with no trace of grain orientation. It may help in this regard to rotate successive
laminations by one stator pole pitch as they are stacked. A relatively low-permeability
lamination steel may also help to reduce the noise level, although it reduces the
inductance ratio. Application of powder iron or soft magnetic composites may help
as well. A slight taper on the rotor and stator poles also has a beneficial effect,
as does a fillet radius at pole-root corners on the stator and the rotor (where the
pole joins the yoke). The edges of the poles can be tapered or shaped slightly to
reduce the harmonic content in the instantaneous torque waveform. The rotor can
be encapsulated to reduce windage noise. Obviously, this must be done in such a
way as to support the potting material against centrifugal loads at high speed. The
bearings should be located as close as possible to the rotor stack. The end brackets
carrying the bearings may sometimes protrude under the end windings to get the
bearings close in. The end brackets must be rigidly attached to the frame. A tapered
flange or spigot helps this. Clamp up the lamination stacks if possible, under pressure.
An alternative is to impregnate it with varnish (after winding), preferably by vacuum
impregnation. Use nonmetallic slot wedges (top sticks) to close the stator slots after
winding and double-thickness slot liners. This adds rigidity and damping to the
stator. Wind the coils as tightly as possible and, if possible, encapsulate the stator
windings. Tie the end windings with cord before varnishing. Electrical and magnetic
balance is desirable between the coils of each phase; this includes both resistance and
inductance and therefore includes leads and internal connections between coils [66].

Manufacturing cost

Some analyses for particular applications have shown that the manufacturing
costs of a switched reluctance motor can be as low as 60% of those of DC or AC
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motors, which it is intended to replace. The converter, on the other hand, does not
have any significant cost-saving features compared to those of the AC inverter.

Market potential

The level of acceptability of an I-SRD on the market remains an issue, although
the successful pioneering applications of traditional SRDs show how this can be
overcome. To estimate the perspectives for future manufacturers the volume of the
annual delivery of AC drives is presented in Fig.9.3. The market segment of power
ratings lower than 4 kW (or maybe even higher power ratings) can be a potential
goal for manufacturers of I-SRDs.
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Appendix A

SRD-DASP - a package for the
design of switched reluctance
drives

SRD-DASP is a package intended for the design of switched reluctance drives (SRDs)
of classical configurations (8/6, 6/4 and 12/8) in the fractional-horse- and horse-power
range. At present only motors in the standard IEC-frames (IC411 cooling) can be
investigated with the help of the package.

A.1 Environment of development and operation

The package is developed in MATLAB/SIMULINK environment and works only
under MATLAB R12. From one side, it is a disadvantage because SRD-DASP cannot
function without MATLAB, but, from the another side, this makes the package
absolutely transparent and open for modifications; no special programming skills are
required to modify SRD-DASP. Moreover, the package uses some special features of
MATLAB and SIMULINK which are very convenient for simulations and displaying
of information.

A.2 Features

• Investigation of the processes in a SRD

— Calculation of the static magnetization curves and static torque curves;

— Calculation of the instantaneous values of voltage, current, torque and
radial force by means of simulation in the time-domain;

— Displaying of the calculated waveforms on special charts;

— Comparison of the calculated characteristics with the imported ones (this
feature can by used for verification of the applied mathematical model);

— Analysis of the thermal processes with the help of an equivalent thermal
circuit;
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— Analysis of the vibrations and acoustic noise.

• Analysis of chosen design

— Calculation of the SRD characteristics: average torque, torque ripples,
losses in the motor (including core losses), losses in the converter, drive
efficiency, hot-spot temperature rise, acoustic noise;

— Calculation and displaying of the drive characteristics for several speeds
in the working speed range;

— Optimization of the control parameters (turn-on and turn-off angles, cur-
rent limit, PWM duty cycle) according to the objectives functions (torque,
efficiency, noise, etc.) set by the user.

• Synthesis of optimal design

— Search of the optimal design with the help of GA or MCM;

— Calculation and display of the drive characteristics for several speeds in
the working speed range.

A.3 Assumptions and limitations

• Only the operation at constant speed (steady state) is analyzed.

• The commutation processes in the converter are not modeled.

• The mutual influence between the supply network and the converter is not
modeled.

• Only the asymmetrical half-bridge inverter topology can be used.

• The electrical and magnetic coupling of the motor phases is neglected.

• The model of thermal processes can work properly only with the standard IEC
frame sizes 63, 71, 80, 90S, 90L, 100, 112 and 132, for speeds below 6000 rpm;
cooling type - IC411.

A.4 Package structure

The package consists of several windows. Every window is intended for some particu-
lar tasks. The windows are not interconnected and the data are transmitted between
windows via files saved on the hard disk. For example, the model of electromagnetic
processes is contained in a special SIMULINK block-diagram, which is saved in a
file and is uploaded only at the time of simulation. Motor geometry and winding
parameters are stored in a file as well.

The general structure of SRD-DASP is presented in Fig.A.1.
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Task selection
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Selection of objectives,
constraints and variable parameters

Selection of optimization
algorithm

Bank of
algorithms

Definition of geometric
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supply voltage etc. 

Optimization algorithm
SR motor (1 motor phase)
Dynamic electromagnetic,

stationary thermal
processes, noise prediction 
______________________

MATLAB/SIMULINK
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Optimization task

Results in the form of graphs, diagrams, tables etc.

Optimal design Characteristics

Enter / Exit
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USER’S INTERFACE

USER’S
INTERFACE

MATHEMATICAL CORE

Materials
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Figure A.1: General structure of SRD-DASP.



206 SRD-DASP - a package for the design of switched reluctance drives

Figure A.2: Window ”Static curves”.

A.5 Windows of SRD-DASP and their features

The window STATIC CURVES (Fig.A.2) is destined for calculation of the static
magnetization and torque curves and for comparison of the calculated and imported
(measured or calculated in some other package) curves.
Initial data are the motor geometry (internal dimensions), winding parameters

and used materials.
Features of the window STATIC CURVES:

• Input of the initial data.

• Calculation of the static curves.

• Calculation of the phase resistance.

• Drawing of the calculated curves (2D) - PREVIEW GRAPH.

• Drawing of the calculated curves (3D).

• Drawing of the imported curves (2D) - COMPARISON GRAPH.

• Simultaneous drawing of the calculated and imported curves (2D) - COMPAR-
ISON GRAPH.
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Figure A.3: Window ”Current waves”.

• Drawing of the motor cross-section.

• Exporting of the graphs into files (*.bmp, *.gif,).

• Loading of the electromagnetic parameters (static curves and resistance) into
a special SIMULINK block-diagram, which is then saved in a file with a name
defined by the user.

• Saving the geometry and winding parameters in a file.

The window CURRENT WAVES (Fig.A.3) is intended for comparison of the
simulated and imported current waveforms. The simulation is carried out with the
help of the SIMULINK block-diagram. The main purpose of the comparison is vali-
dation of the applied mathematical model.
Features of the window CURRENT WAVES:

• Selection of the motor (SIMULINK block-diagram saved in a file).

• Selection of speed, DC-voltage, control algorithm, interval of simulation.

• Simulation on the given interval.
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Figure A.4: Window ”Analysis”

• Comparison of the waveforms.

• Export of the graphs.

The window ANALYSIS (Fig.A.4) is intended for simulation of the waveforms
of voltage, current and torque of the motor with the help of the SIMULINK block-
diagram and for calculation of the SRD characteristics: average torque, torque rip-
ples, losses in the motor (including core losses), losses in the converter, drive efficiency,
hot-spot temperature rise, acoustic noise. The calculation of the characteristics is
based on the simulation results.
Initial data for the analysis:

• Motor data

— Dimensions and winding parameters.

— IEC frame (IC411).

— Steel type and winding material.

• Inverter data
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— DC-bus voltage.

— Type of the switches (database contains parameters of several dozens of
IGBTs and MOSFETs).

• Mode of operation

— Rotational speed.

• Angular interval of the simulation and the control parameters

Features of the window ANALYSIS:

• Input of the initial data.

• Simulation in the selected interval.

• Export of the graphs.

• Optimization of the control parameters (turn-on and turn-off angles, current
limit, PWM duty-cycle) according to the objectives functions (torque, effi-
ciency, noise, etc.) set by the user. As the methods of optimization Monte-
Carlo or Experimental Design Method can be chosen by the user.

The windowNOISE (Fig.A.5) is intended for analysis of the origins of mechanical
vibrations and acoustic noise. The final goal is the calculation of the Sound Power
Level (dBA).
Features of the window NOISE:

• Selection of the motor (SIMULINK block-diagram saved in a file), control al-
gorithm and parameters, etc. as in the ANALYSIS window.

• Transformation of the radial force from time domain into frequency domain
with the help of FFT.

• Calculation of the modal frequencies.

• Calculation of the harmonic components of the stator deflection.

• Calculation of the harmonic components of the sound pressure and sound
power.

• Calculation of the Sound Power Level and Sound Pressure Level.

• Export of the graphs.

The window THERMAL (Fig.A.6) is intended for calculation of the heat fluxes
and the temperature distribution in the machine with the help of the equivalent
thermal circuit. The final goal is the calculation of the temperature rise in the
hottest point in the winding.
Initial data for the thermal analysis
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Figure A.5: Window ”Noise”.
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Figure A.6: Window ”Thermal”.
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• Motor data

— Dimensions and winding parameters.

— IEC frame (IC411).

— Steel type and winding material.

— Slot insulation thickness.

• Mode of operation

— Rotational speed.

• Losses in the winding, stator core and rotor core.

Features of the window THERMAL:

• Input of the initial data.

• Calculation of the heat fluxes and the temperature distribution in the machine
with the help of equivalent thermal circuit.

• Calculation of the temperature rise in the hottest point in the winding.

The window CUT-AND-TRY (Fig.A.7) is intended for ”cut&try” search for
the best design. For each chosen design the optimization of the control parameters
has to be done.
Features of the window CUT-AND-TRY:

• Selection of the motor frame (IEC, IC411).

• Selection of the internal dimensions of the motor and the winding parameters
in the form of normalized variables.

• Selection of the DC-voltage, rotational speed and switch type.

• Optimization of the control parameters.

• Drawing the surface corresponding to the objective function for user defined
limit of current.

• Calculation of the drive characteristics for the optimal control parameters.

The window TORQUE-SPEED (Fig.A.8) is intended for calculation of charac-
teristics in the working speed range. The calculations are carried out for one chosen
design. The calculation is made sequentially for several speeds. For every speed
optimization of the control parameters can be done.
Features of the window TORQUE-SPEED:

• Input of the required characteristics of the SRD (torque, efficiency, etc.) in the
working speed range.
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Figure A.7: Window ”Cut-and-try”.
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Figure A.8: Window ”Torque-speed”.
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Figure A.9: Window ”Synthesis”.

• Input of the motor variables.

• Input of the inverter parameters.

• Determination of the objective function.

• Selection of some fixed control parameters or setting the option of automatic
optimization of the parameters according to the objective function.

• Drawing the calculated characteristics in the speed range.

The window SYNTHESIS (Fig.A.9) is intended for synthesis of the optimal
design based on the required characteristics.
Features of the window SYNTHESIS:

• Input of the required characteristics (torque, efficiency, etc.) in the working
speed range.

• Determination of the objective function.

• Selection of the variables.

• Search for the optimal design using Genetic Algorithm.
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• Drawing of the required characteristics and the calculated optimal characteris-
tics.
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List of symbols and abbreviations

B.1 Symbols

A - magnetic vector potential
A - area
A - gain
Ac - cross-sectional area of one conductor
B - magnetic flux density vector
Bn - normal component of magnetic flux density
B̂ - peak value of magnetic flux density
Bmax - maximal magnetic flux density in the stator pole
C - viscous damping coefficient
C - cost
C - fitness value
Ce - constant that accounts for eddy-current losses
Ch - constant that accounts for hysteresis losses
Cm - constant in Steinmetz equation
Cp - specific heat capacity of fluid
D - electric flux density vector, displacement vector
Dr - rotor outer diameter
Ds - stator outer diameter
E - electric field intensity vector
E - heat energy dissipated by the power electronic switch
E - Young’s modulus of elasticity
F - objective function
F - energy functional
F - force
Fr - radial force
Ft - tangential force
Gr - Grashof number
H - magnetic field intensity vector
Ĩ - rms value of current of any harmonic
IC - continuous collector current
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IDM - peak value of pulsed drain current
J - current density vector
J - moment of inertia−→
Jc - induced eddy current density vector−→
Js - applied source current density vector−→
Jv - velocity current density vector
Kee - coefficient that accounts for end-effects
Kfill - slot fill factor
Ksi - steel imaging factor
Kf - coefficient that accounts for axial fringing of flux
K1, K2,K - common coefficients
K - equivalent stiffness
Km - fuzzy weight
L - length
Lend - end-windings inductance
Lstk - stack length
LpA - A-weighted sound pressure level
LwA - A-weighted sound power level
M - equivalent mass
Nu - Nusselt number
Nc - number of turns in one coil
Ncp - number of coils in one phase
Nph - number of phases
Nr - number of rotor poles
Ns - number of stator poles
Ntph - number of turns in a phase
P - power
P - sound power
P - penalty
P - probability function
PB - bearing friction loss
PCu - copper losses
PFe - core (iron) losses
Pmech - mechanical losses
Padd - additional losses
Ploss.c - losses in the converter
Ploss.m - losses in the machine
Pinv - losses in the inverter
Pout - machine output (shaft) power
Pr - Prandtl number
R - effective ohmic resistance
R - thermal resistance
RDC - ohmic resistance for DC current
RDS(on) - drain-source on-resistance
Rm - stator yoke mean radius
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Ra - Rayleigh number
Re - Reynolds number
T - torque
T - temperature
T - period
Tav - average temperature of the winding
Trpl - torque ripple
Ta - ambient temperature
Ths - hot-spot temperature
Tf - machine frame temperature−→
Tn - Maxwell’s stress tensor
Tol - temperature of the outer layer of a coil
V - volume
VDC - DC-link voltage
VCE - collector-emitter (direct) voltage
VDS - drain-source voltage
VCE(sat) - collector-emitter saturation voltage
Vd - diode direct voltage drop
W - magnetic energy
W - weighting factor
W 0 - magnetic co-energy
X - a set (vector) of variables
Ẑ - ideal solution vector of variables
a, b, c - common coefficients
a - vibro-acceleration
bc - width of the coil
c - traveling speed of sound
d - depth in z-direction
d - distance
d - ratio of rotor diameter and stator diameter
e - roughness of a surface−→
f - volume density of the force−→
fs - surface density of the force
fPWM - PWM carrier frequency
fw - view factor
fT - frequency of sinusoidal wave
feq - equivalent frequency
fm - stator circumferential mode frequency
g - gravitational force of attraction
g - air gap between coil and stator pole in the end-region
h - heat transfer coefficient
hc - coil height
hs - stator pole height
hr - rotor pole height
i - phase current
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lmean - mean length of a turn
m - mass
m - circumferential mode number
n - rotational speed in rpm
p - specific losses (per kg)
p - pressure
s - Laplace variable
t - time
tcond - duration of the conducting state of a switch
ts - stator tooth width
tr - rotor tooth width
v - voltage
x - displacement
x - normalized value of a variable
ys - stator yoke thickness
α - constant in Steinmetz equation
α - temperature coefficient
β - constant in Steinmetz equation
β - coefficient of cubical expansion of fluid
βs - stator pole arc
γ - rotor position
γa - aligned rotor position
γu - unaligned rotor position
∆trise - rise time of the flux in the stator pole
∆tfall - fall time of the flux in the stator pole
∆t - time of simulation
∆t - effective torque zone
δ - air gap length
kδ - skin depth in copper for k-th harmonic.
ε - emissivity
ζ - damping ratio
ρ - electric charge density
ρ - density
λ - thermal conductivity
η - efficiency
µ - magnetic permeability
µ - fluid dynamic viscosity
µ0 - magnetic permeability of free space
µr- relative magnetic permeability
µm- mean value of m-th objective function in population sequences
σ - magnetic conductivity
σ - Stefan-Boltzmann constant
ν - fluid velocity
ν - vibration velocity
θ - temperature difference between surface and fluid
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Φ - magnetic flux
Ψ - magnetic flux linkage
Ψ2D - magnetic flux linkage calculated in two dimensions
ωn - undamped natural frequency

B.2 Abbreviations

ANN- artificial neural network
APMP - analytically predicted magnetic parameters
BD - block diagrams
CD - circuit diagrams
CLD - ”Computerized Loading Device” (name of the proprietary package refer-

enced in chapter 7)
EDM - experimental design method
EMI - electromagnetic interference
FEA - finite element analysis
FEM - finite element method
GA - genetic algorithm
ID - integrated drive
I-SRD - integrated switched reluctance drive
MC(M) - Monte-Carlo (method)
ML - modeling language
MLT - mean turn length
NFA - numerical field analysis
NPM - node potential method
NPMP - numerically predicted magnetic parameters
PC - personal computer
rms - root-mean-square
SPL - sound pressure level
SR - switched reluctance
SRD - switched reluctance drive
SRM - switched reluctance machine
TEFC - totally enclosed forced cooled
THD - total harmonic distortion
VSD - variable speed drive
VVDC - variable voltage DC (converter)
2D, 3D - two- or three-dimensional
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Database of switched reluctance
machines

1. SRM64-55-215 [35]

Stator poles 6 Coil turns 19
Rotor poles 4 Coils connection parallel
Stator diameter 212 mm Copper fill factor 0.48
Rotor diameter 125.2 mm Wire cross-section 14.7 mm2

Air gap length 0.4 mm
Stack length 215 mm DC link voltage 215...315 V
Stator tooth arc 0.506 radians
Rotor tooth arc 0.558 radians Maximum torque 150 Nm
Stator yoke thickness 18.5 mm Speed range 0...3500 rpm
Rotor yoke thickness 17 mm Maximum power 55 kW
Stator tooth height 24.5 mm In speed range 3500...15000 rpm
Rotor tooth height 19.1 mm Controllable up to 18000 rpm
Shaft diameter 53 mm

2. SRM64-05-xx (MPEI laboratory)

Stator poles 6 Coil turns 230
Rotor poles 4 Coils connection series
Stator diameter 120 mm
Rotor diameter 61 mm Wire diameter 0.4 mm
Air gap length 0.3 mm
Stack length 40 mm
Stator tooth arc 0.471 radians Rated power 0.75 kW
Rotor tooth arc 0.716 radians
Stator yoke thickness 11.7 mm
Rotor yoke thickness 12.5 mm
Stator tooth height 22.5 mm
Rotor tooth height 8 mm
Shaft diameter 20 mm
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3. SRM64-075-300 [2]

Stator poles 6 Coil turns 156
Rotor poles 4 Coils connection series
Stator diameter 124.7 mm Wire diameter 1 mm
Rotor diameter 59.75 mm
Air gap length 0.54 mm
Stack length 59.65 mm DC link voltage 300 V
Stator tooth arc 0.538 radians Steel type FeV-600-50 HA
Rotor tooth arc 0.563 radians
Stator yoke thickness 9 mm Rated speed 3000 rpm
Rotor yoke thickness 10 mm Rated power 0.75 kW
Stator tooth height 22.9 mm
Rotor tooth height 7.4 mm
Shaft diameter 25 mm

4. SRM86-04-300 [81]

Stator poles 8 Coil turns 150
Rotor poles 6 Coils connection series
Stator diameter 83 mm
Rotor diameter 45.3 mm Steel type BSFK II
Air gap length 0.2 mm
Stack length 50.8 mm DC link voltage 300 V
Stator tooth arc 0.399 radians
Rotor tooth arc 0.388 radians Peak output power 0.4 kW
Stator yoke thickness 18.5 mm Rated speed 3000 rpm
Rotor yoke thickness 5.7 mm Rated torque 71 N·cm
Stator tooth height 12.9 mm Long-term current 3 A
Rotor tooth height 8.8 mm
Shaft diameter 15.08 mm
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5. SRM86-5-540 (MPEI laboratory)

Stator poles 8 Coil turns 140
Rotor poles 6 Coils connection parallel
Stator diameter 206 mm
Rotor diameter 116.2 mm
Air gap length 0.4 mm DC link voltage 540 V
Stack length 152 mm
Stator tooth arc 0.34 radians Steel type 2412
Rotor tooth arc 0.41 radians
Stator yoke thickness 12 mm Rated speed 1500 rpm
Rotor yoke thickness 12 mm Rated power 5 kW
Stator tooth height 32.8 mm
Rotor tooth height 16.1 mm
Shaft diameter 50 mm

6. SRM86-1-100 (MPEI laboratory)

Stator poles 8 Coil turns 180
Rotor poles 6 Coils connection series
Stator diameter 143 mm
Rotor diameter 69 mm
Air gap length 0.4 mm DC link voltage 100 V
Stack length 143 mm
Stator tooth arc 0.416 radians
Rotor tooth arc 0.492 radians
Stator yoke thickness 12.1 mm Rated speed 1000 rpm
Rotor yoke thickness 9 mm Rated power 1 kW
Stator tooth height 24.5 mm
Rotor tooth height 12.5 mm
Shaft diameter 26 mm



226 Database of switched reluctance machines

7. SRM86-x-x [80]

Stator poles 8 Coil turns 171
Rotor poles 6 Coils connection series
Stator diameter 120 mm Wire diameter 0.7 mm
Rotor diameter 38.6 mm
Air gap length 0.255 mm
Stack length 40 mm
Stator tooth arc 0.422 radians
Rotor tooth arc 0.428 radians
Stator yoke thickness 10.1 mm
Rotor yoke thickness 7.7 mm
Stator tooth height 30.4 mm
Rotor tooth height 7.2 mm
Shaft diameter 16.5 mm

8. SRM86-06-12 [26]

Stator poles 8 Coil turns 10
Rotor poles 6 Coils connection series
Stator diameter 140 mm
Rotor diameter 69.6 mm
Air gap length 0.3 mm DC link voltage 12 V
Stack length 80 mm
Stator tooth arc 0.393 radians
Rotor tooth arc 0.393 radians
Stator yoke thickness 9 mm
Rotor yoke thickness 12 mm Rated power 0.6 kW
Stator tooth height 14.4 mm
Rotor tooth height 13.4 mm
Shaft diameter 18.7 mm
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9. SRM128-075-300 [2]

Stator poles 12 Coil turns 71
Rotor poles 8 Coils connection parallel
Stator diameter 120.7 mm Wire diameter 1 mm
Rotor diameter 65 mm
Air gap length 0.35 mm
Stack length 60.25 mm DC link voltage 300 V
Stator tooth arc 0.259 radians Steel type FeV-600-50 HA
Rotor tooth arc 0.277 radians
Stator yoke thickness 6.5 mm Rated speed 3000 rpm
Rotor yoke thickness 7 mm Rated power 0.75 kW
Stator tooth height 21 mm
Rotor tooth height 13 mm
Shaft diameter 25 mm

10. SRM128-5-400 (MPEI laboratory)

Stator poles 12 Coil turns 55
Rotor poles 8 Coils connection series
Stator diameter 183 mm
Rotor diameter 103.4 mm
Air gap length 0.3 mm DC link voltage 400 V
Stack length 80 mm
Stator tooth arc 0.220 radians Steel type 2412
Rotor tooth arc 0.272 radians
Stator yoke thickness 16 mm Rated speed 3000 rpm
Rotor yoke thickness 14.7 mm Rated power 5 kW
Stator tooth height 23.5 mm
Rotor tooth height 12 mm
Shaft diameter 18.7 mm
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Power Electronics Database



MOSFETs
Manufacturer: Mitsubishi
Vdss = 600 V



IGBTs
Manufacturer: IXYS
Vces = 600 V





Summary

The aim of this thesis is to estimate the perspectives of integrated switched reluctance
drives (I-SRDs), i.e. reluctance machines integrated with converters. It is assumed
that such drive series can be manufactured in the power range of 0.75...7.5 kW and
speed ranges of 300...3000 rpm and 600...6000 rpm for applications like pumps, fans,
conveyors, compressors, extruders and mixers.
Based on the performed research and design work it is stated that the new drives

have to be developed according to their applications, which determine objective func-
tions and constraints, and that the best possible design should be found as a solution
of a synthesis task. Sizing equations are not applied at all.
The approach used in the thesis is based on the virtual prototyping concept, i.e.

the new I-SRD series is designed in a virtual environment. Therefore, mathemat-
ical models and the ways to verify them have to be elaborated. The concepts of
multidisciplinary and multilevel modeling are applied. The multidisciplinary model
is a combination of interconnected electromagnetic, thermal and noise models. The
multilevel concept is the approach when different elements of the drive are described
using different languages, i.e. on different levels.
Several original solutions are introduced, like the electromagnetic model compris-

ing SIMULINK block-diagrams and MATLAB script, expressions for the correction
of the flux linkage due to end-effects, an original equivalent circuit for thermal analy-
sis, which allows using a very simple and fast method to solve the circuit, together
with the concept of a multi-layer equivalent cylinder for modeling the motor winding.
For verification of the multidisciplinary model a database of test results has been

collected using both testing of several reluctance machines in the laboratory and
analyzing of test results published by other researchers. After verification the model
can be considered as a virtual prototype and can be used in the synthesis process.
Several methods of solving the synthesis task were tested. The method, proved to

be best suited for solving this task in the proposed form, is the genetic algorithm in
the vector form with alphabetic encoding. The genetic algorithm should be coupled
with the experimental design method or with the Monte-Carlo method.





Samenvatting

Het doel van dit proefschrift is de perspectieven van geïntegreerde geschakelde reluc-
tantie aandrijvingen (I-SRDs), d.w.z. reluctantiemachines geïntegreerd met omzetters,
in te schatten. Verondersteld wordt dat een dergelijke aandrijfserie kan worden ver-
vaardigd in het vermogensbereik van 0.75...7.5 kW en toerentalbereiken van 300...3000
omw/min en 600...6000 omw/min voor toepassingen zoals pompen, ventilatoren,
transportbanden, compressoren, extruders en mengers.
Op basis van het gepresteerde onderzoek en ontwerp wordt gesteld dat de nieuwe

aandrijvingen moeten worden ontwikkeld volgens hun toepassingen, die doelfuncties
en randvoorwaarden bepalen, en dat het best mogelijke ontwerp moet worden gevon-
den als een oplossing van een synthese opdracht. Ordeningsvergelijkingen worden
helemaal niet toegepast.
De in dit proefschrift gebruikte methode is gebaseerd op het concept van virtual

prototyping, d.w.z. de nieuwe I-SRD serie wordt ontworpen in een virtuele omgeving.
Daarom moeten wiskundige modellen en methodes om deze modellen te verifieren,
worden opgesteld.
De concepten van multidisciplinair en multilevel modelleren worden toegepast.

Het multidisciplinair model is een combinatie van onderling verbonden elektromag-
netische, thermische en akoestische modellen. Het multilevel concept is de methode
waarin verschillende elementen van de aandrijving worden beschreven met behulp
van verschillende programmeertalen, d.w.z. op verschillende niveau’s of levels.
Verscheidene originele oplossingen worden aangeboden, zoals het elektromag-

netische model bestaande uit SIMULINK blokdiagrammen en MATLAB script, uit-
drukkingen voor de correctie van de gekoppelde flux ten gevolge van eindeffecten en
een origineel equivalent schema voor thermische analyse, dat toelaat het schema op
te lossen met behulp van een zeer eenvoudige en snelle methode en dat het concept
van een equivalente cilinder met meerdere lagen gebruikt om de motorwikkeling te
modelleren.
Voor de verificatie van het multidisciplinaire model werd een database van testre-

sultaten verzameld, waarbij zowel verscheidene reluctantiemachines in het laborato-
rium werden getest als testresultaten, gepubliceerd door andere onderzoekers, werden
geanalyseerd.
Na verificatie kan het model worden beschouwd als een virtueel prototype en kan

het worden gebruikt in het synthese proces.
Verscheidene methodes werden getest om de synthese opdracht op te lossen. De

methode, die het best geschikt is om die opdracht in de voorgestelde vorm op te
lossen, is het genetisch algoritme in de vectorvorm met alfabetische codering. Het
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genetisch algoritme moet worden gekoppeld met de experimentele ontwerpmethode
of met de Monte-Carlo methode.
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