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Abstract

The aim of thisthesisisto document and promote a relatively new concept of designing electrical
machine with improved efficiency, without using more or better material. The concept, called
Shark, consists in replacing the cylindrical air gap by anon-linear shape obtained by translating
specific geometrical pattern on the longitudinal axis of the electrical machine. This shape
modification increases the air gap area and thus the energy conversion, taking place in the machine.
Whilst other methods of improving the efficiency consider the use of more and/or better magnetic
material and/or optimisation of the magnetic circuit of the radial cross-section of the machine, the
proposed method makes use of the longitudinal cross-section of the machine.

In spite of afew reports claiming the improvement of the efficiency by applying the optimisation of
the longitudinal cross-section, none analysis of various air gap shapes and of their influence on the
magnetic performance has been reported. Due to a simple geometry, the Switched Reluctance
Machine has been selected for demonstration of the Shark principle.

Initialy, linear and finite element analysis are considered. They provide the basic knowledge of the
manner in which various Shark air gap, having different dimensions, influence the energy
conversion in the machine. The saturation mechanisms, specific to each Shark profile are analysed
and optimum Shark profile and its dimensions are selected for implementation in a demonstration
machine.

Dueto the lack of quick analysistools, an analytical model of the Shark Switched Reluctance
Machine is also proposed in thisthesis. This model is conceived by modifying one of the existing
models of cylindrical air gap Switched Reluctance Machines, such asto account for the presence of
the Shark profilesin the air gap.

The calculations are verified by measurement on two demonstration machines, having cylindrical
and Shark air gaps. The measurement proved the theory right and measurement of efficiencies
proved that the Shark air gap improves the efficiency of a specified machine by two to four % point
with respect to a corresponding cylindrical air gap machine. Furthermore, the two Switched
Reluctance Machines are compared with other motor technologies such as Induction Motor and
Brushless DC Motor.

Analysis of the forces produced in the Shark SRM reveals particular aspects, adding some
difficulties to assembly the Shark motor. However, the latest assembly technologies provide
solution for asimplified assembly of a Shark machine.

Calculations of economical aspects demonstrate a small difference in saving between the Shark
Switched Reluctance Motor and the Brushless DC Motor considered in this project.



Nomenclature

IM

SRM
CSRM
Shark SRM
BLDCM
HEM

MEC

FEA
FEM

conv

=  Abbreviations

standard efficiency Induction Motor

Switched Reluctance Motor

Cylindrical air gap Switched Reluctance Motor
Shark air gap Switched Reluctance Motor
BrushLess DC permanent-magnet Motor

High Efficiency Motor

Magnetic Equivalent Circuit

Finite Element Analysis
Finite Element Model

= Symbols

co-energy

converted energy

co-energy variation between the converted energy and the sum of the converted

and stored energy
stored energy

input power
output power
conductive loss
coreloss

conversion ratio

number of phases of the machine
speed [rpm]

number of strokes

number of turns per phase

phase resistance

the rms value of the phase current
permeability of the free space

permeability of theiron
reluctance

permeance
instantaneous voltage
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i nstantaneous current

flux linkage
magnetic flux
magnetomotive force
stator outer diameter

stator pole root diameter

rotor diameter

rotor pole root diameter

mean air gap diameter of the Shark SRM

mean stator diameter of the Shark SRM
mean rotor diameter of the Shark SRM
circular stator pole length

stator pole arc

rotor pole arc

air gap length
stack length

equivalent stack length

stator pole height of the cylindrical air gap SRM

number of Shark segments

angle at the basis of the Shark profile
Shark tooth pitch

height of the Shark profile

reduction of the pole height due to the Shark teeth
fractional reduction of the pole height due to the Shark teeth

Ccross-section

inductance of the magnetic circuit
inductance gain

energy gain

air gap magnetic field intensity
stator pole magnetic field intensity
rotor pole magnetic field intensity
stator yoke magnetic field intensity
rotor body magnetic field intensity



k y ratio of electrical loading on rotor and stator

k emf factor incorporating the winding distribution factor and the ratio between the
area spanned by the salient poles and the total air gap area

ki current waveform factor

k

electrical power waveform factor

W width of the stator pole

Wrp width of the rotor pole

Wg width of the air gap

Wey width of the stator yoke

Wry width of the rotor yoke

AS'D area of the stator pole

Arp area of the rotor pole

Aq area of the rotor pole

Ay area of the stator yoke

Ay area of the rotor yoke

lsp length of the stator pole flux path

lrp length of the rotor pole flux path

lsy length of the stator yoke flux path

|ry length of the stator yoke flux path
= Subscripts

0 cylindrical air gap

saw saw toothed air gap

square square-wave air gap

ellipse eliptical air gap

trap trapezoidal air gap
= Superscripts

u unaligned rotor position

a aligned rotor position
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Chapter 1 Introduction

Chapter 1

I ntroduction

The research documented in this thesis concerns the area of electrical machines design. It deals with
a new design concept, which approaches the electrical machine from the viewpoint of the
longitudinal cross-section. The proposed analysis is rooted in the intention to produce more torque
without using more material. The new concept, which achieves an increase of the air gap area by
modification of the cylindrical air gap of a motor to a non-linear shape, was named Shark [1], due
to the similarity of the proposed air gap shape and sharks teeth. Specifically, this study is dedicated
to the anaysis of the Shark concept, to the development of an analytical model and to the
comparison of the performance of the proposed Shark machine with those of the usual cylindrical
air gap machines.

The interest for the Shark concept is emphasised by the improvements to performance claimed in
references [1], [2], [3], [4], [5], [6]. Seen in the context of the international policy to save energy,
the Shark concept may be a potential solution to the reduction of energy usage in electrica
machines. Therefore, the present study is aimed to provide a step forward for the introduction of
this new concept to the manufacturers of electrical machines.

The significance of the Shark concept, in terms of energy saving potential, is highlighted in the first
section of this introductory chapter. The Shark concept is then briefly described in order to define
the technical framework of the study. Subsequently, the electrical machine selected as the vehicle
for demonstration is considered from two aspects. One aspect is the application area, which also
gives an idea of the potential applications for the Shark concept. The second aspect regards the
working principle of the demonstration machine and the variables to be used in the evaluation of
the discussed concept. Variations of the demonstration machine, having as purpose the
improvement of the energy conversion, are presented as well.

Based on the above mentioned presentation of the Shark concept the objectives and methodol ogy of
the study are defined. An outline of the thesis concludes this introductory chapter.

1.1 Background and motivation

Increasing awareness of the finite global energy resources requires a more efficient approach to its
use. In this context, governmental regulations impose new standards [7] for more efficient energy
conversion in industrial applications. On the other hand, consumer demand for cheap, energy
saving products exerts new pressure on industrial manufacturers. Attempting to satisfy these two
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demands, producers perform research to investigate potential solutions to promote the sensible use
of electricity and to help eliminate unnecessary and costly waste.

Electric motors are the main consumers of electric energy, with applications ranging from large
power plant to domestic appliances. In industry about 70 % of the total energy is consumed by
motor driven systems [8]. In this context, a new category of electric motors is being promoted on
the market. This new category, High Efficiency Motor (HEM), has a higher efficiency than the
majority of the motorsin current use.

A HEM refers to the ubiquitous Induction Machine (IM), and employs mainly the same
manufacturing technology as a standard motor. The improved efficiency is obtained by using better
and/or more material and/or by optimising the geometry of the magnetic circuit. However, both
methods are expensive. Forecasts of the savings possible if HEM applied are significant [8], [9].

To encourage these changes a new classification of electric motors according to efficiency has been
approved by CEMEP" and the General Directorate for Energy within the European Commission,
ranking them according to the efficiency [7], [9]. This distributes the motors into three groups:
standard efficiency motors (Eff3), improved efficiency motors (Eff2) and high efficiency motors
(Eff1) as shown in Fig.1.1 for 2 and 4 pole Induction Machines. Moreover, the manufacturers were
committed to reduce the market share of Eff3 motors by at least 50 % by December 2003 [7].

o6 [T mes
Eff1 o i
o it

90 | efficiency| 1 : 74:”%”37#37:#7
S ‘ SR
> | | | | | | | | [ |
Qgsl T o AR i
S AT IR EEEE
R SR - FE R
B0 effiiency |-~ | SERCRE

75 5 1 1 1 T N \\\l 1 1 1 T B )

10 10 10

rated power [kKW]
Fig.1.1 Classification of electric motors according to their efficiency [7]

As an extension of these regulations, the Danish Energy Agency (DEA) introduced its own
programme for energy saving. The power range included in the DEA efficiency table for energy-
saving motors (Table 1.1) was increased to include motors rated at 0.55 [kW] instead of the IEC
version, which stops at 1.1 [kKW], because motors rated at less than 1 [KW] generally exhibit a lower
efficiency than those rated at 1 [kW] or more. Additionally, very large numbers of these small
machines are in use in domestic and office equipment. Therefore, any potential improvement of the
efficiency of these small motors makes alarge difference to global energy consumption.

! European Committee of Manufacturers of Electrical Machines and Power Electronics
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Table 1.1 Full load efficiencies for High Efficiency Motors with 2 and 4 poles, according to the Danish Energy Agency

Power [KW] 055 [075 |11 15 2.2 3 4
Efficiency (%) | 2 poles | 80 81 81 82 84 85 86

4poles | 77 78 78 80 82 84 86
Power kW] 55 75 11 15 185 | 22 30
Efficiency (%) | 2 poles | 87 89 90 01 92 925 |93

4poles | 87 88 90 01 92 92 92.5
Power [KW] 37 45 55 75 90 110
Efficiency (%) | 2poles | 935 | 94 945 |95 %55 |9

4poles | 935 |94 945 |95 %55 |9

The topic of energy saving must be approached carefully. Attention must be paid to the fact that
improved efficiency does not necessarily means a large energy saving. When considering efficiency
and potential energy savings, four facts must be taken into consideration:

a) the efficiency of electric machines increases with the power rating as it may be seen in
Fig.1.1. This allows more room for improvement in low power motors

b) low power motors represent a large proportion of motors in use as may be seen in Fig.1.2
for the USA [11]. A similar situation appliesin all developed countries[7]

c) the main energy consumers are the large motors as the diagram in Fig.1.3 indicates it, many
motors are not operated at full load

1% 2%
=280 hp  125-200 hp

3%
80-100 hp

Fig. 1. 2 Motor distribution in USA [11] Fig. 1. 3 Energy consumption distribution in USA [11]

Analysis of induction motor efficiency curves reveals that there is alarge potential for improvement
of the energy conversion process for motors rated in the low power range. Therefore fact (a)
considered with the large number of small motors in use (b), may support the idea that the motors
rated in the low power range may also afford the main resources for potential energy saving.
However, things prove to be different. As aready mentioned in (b) and (c), large motors are
actually the main energy consumers, despite the lower proportion of the total existing motorsin use.
The small motors, even though they are greater in number, have the lowest energy consumption.
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This fact negates the previous suggestion that small motors should be main focus for energy saving.
The energy consumption depends on various factors such as: rated power range of the motor,
efficiency, annual operating time of the equipment, load? factor and usage® factor of the motor.
Small motors, although they are sold in large numbers, usually have a lower usage factor than
motors rated in the higher power range. This contributes to their lower energy consumption over a
defined period. Therefore, more energy may be saved by a slight improvement of the efficiency of
large motors than by a significant efficiency improvement of small motors.

In spite of all the international actions intended to promote the use of HEM and in spite of genera
demand for energy saving products, the market is still reluctant to make changes. The increased
initial purchase cost necessary for HEM, caused by the use of improved or more material and by the
increased quality of manufacturing, is at the root of this paradox. The selection of a motor by a
purchasing agent is dominated by the purchase price and not by the potential lifetime cost saving
made possible by the use of HEM. It is often forgotten that the purchasing price represents less than
5% of the lifetime cost of the motor [7]. To encourage the HEM market a subsidy of up to 30% of
the HEM priceis offered in Denmark [7].

In some reports [12], it is argued that an E-motor (electric motor with incorporated electronics) may
bring more advantage than an HEM. This may be true, but any gain in inherent motor efficiency
may be valuable for energy saving. The interest of this thesis is restricted to improvements related
to the efficiency of the motor itself.

In this introductory section was shown that the general tendency is to reduce the energy used by
electric motors because they represent an important energy consumer in industry. To do so new
standards were approved by CEMEP and high efficiency motors are promoted on the market.
Generadly, a better efficiency is achieved by using better or more magnetic material or by
optimisation of the radial cross-section of the electric motor. Both methods are expensive.
Therefore, consideration of the longitudinal cross-section of an electric motor may further improve
the performance of the electric motor or may be considered as an aternative solution to the two
methods mentioned above. This new concept was named Shark concept and is introduced in the
following section.

1.2 Introduction to the Shark concept

Although the development of electrical machines has long been a well-established commercial
enterprise, design investigations and innovations are still in progress. The concept of HEM involves
the use of better quality or of more material and optimisation of the magnetic circuit. A tremendous
amount of research work dedicated to the optimum design of electrical machines has revealed that
the material distribution within the machine is one of the key elements for improving the machine
performances.

A common way to improve the design of an electrical machine is by optimisation of the radia
cross-section [13], [14], [15]. Thisis governed by considerations relating the cost of manufacture to
the improvement brought by the new geometry of the machine.

2 The load factor is that fraction of the rated load, at which the motor is normally loaded
% The usage factor is that fraction of time when the motor actually operates
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The magnetic capability of the longitudinal cross-section has not been considered until recently.
This new design perspective considers the transformation of the cylindrical air gap (Fig.1.4) into an
air gap shaped by the tranglation of a regular geometrical pattern along the length of the lamination
stack as shown in Fig.1.5.

Fig.1.4 Cylindrical air gap SRM Fig.1.5 SRM with Shark air gap

The ultimate goal of this modification is to improve the conversion of energy by increasing the area
of the air gap. The main point is that this goal is reached without using more magnetic material, but
simply by redistributing the material between the stator and the rotor bodies. This new philosophy
combines the advantages of both axial and radial air gaps [2] and has been called 'Shark' [1]. The
geometrical pattern repeated aong the length of the machine will be called Shark
tooth/segment/profile throughout this work. The Shark profile may take various shapes, the
selection being limited only by manufacturing possibilities and cost. Although the Shark concept
may, in theory, be applied to any type of electrical machine, in practice this proves difficult. Some
configurations of electrical machine, with Shark air gap, present assembly difficulties as it may be
imagined by considering Fig.1.5. There are two main problems: the insertion of the rotor stack and
the insertion of the windings into slots. Among the existing motor types the Switched Reluctance
Motor (SRM) has the simplest magnetic circuit and allows an easier implementation of the Shark
concept now when no technological documentation is available. The constructional advantage
provided by the concentrated windings, which may be easier to assemble in a Shark Switched
Reluctance Motor compared to the distributed windings commonly used in Induction Machines,
where assembly may even be impossible. For these reasons it was decided to use the Switched
Reluctance Motor as a demostrator in this work.

1.3 Switched Reluctance Motor — working principle

Before developing the theory of the Shark principle, the foundation of the study must be clearly
defined. Therefore, the working principle of the SRM is considered in this section. In subsequent
discussions, the energy conversion process is described in relevant terms suitable for modelling the
effects of the Shark configuration on the performances of the machine. This effect is believed to be
dependent on the flux linkage, inductance and converted energy. The magnetisation characteristics
and the torque production mechanism are also discussed in this section.



Chapter 1 Introduction

The Switched Reluctance Machine is considered to have the ssmplest construction and working
principle of al rotating electric machine types. The basic structure of an SRM comprises salient
stator and rotor poles as shownin Fig.1.6. A coil iswound around each stator pole and no windings
or magnets are located on the rotor. Because of this ssmple configuration, the SRM may be cheaper
to manufacture than any other type of electrical machine [44].

stator 6 stator poles
winding

4 rotor poles
phase C aligned position

on phase A

Fig.1.6 Basic structure of the SRM

The operation of the SRM is based on the tendency of the rotor poles to align with the excited pair
of stator poles. Taking as origin of the movement the unaligned rotor position illustrated in Fig.1.6,
avoltageis supply to phase B or phase C depending on the direction of movement when the rotor is
in the position known as turn on angle. This makes that the rotor moves such as the rotor and the
excited stator pole pairs are aligned. When the rotor is in a position known as turn off angle, the
supplied voltage is removed from the excited coil and switch to a neighbour coil. By successively
switching the supply voltage from one coil to another, the continuous movement of the rotor is
assured. Some characteristic definitions used to describe the operation of the SRM are:

* Thealigned position. Thisis where a pair of rotor polesis aligned with one pair of
stator poles (see Fig.1.6)

* The unaligned position. This is where a pair of stator poles is aligned with an
interpolar axis of the rotor

* Thecorner position. Thisiswhere rotor and stator poles are about to overlap

* Theturn on angle is the position of the rotor at the time when the electrical supply
is applied to the corresponding phase. This is measured from the unaligned rotor
position.

* Theturn off angle is the position of the rotor at the time when the electrical supply
is removed/ reversed from the corresponding phase. This is also measured from the
unaligned rotor position.

The description of the working principle of a SRM is best explained using the magnetisation
characteristic. The magnetisation characteristic or flux linkage as a function of the current (Fig.1.7)
is a diagram describing the magnetic flux induced in a specific configuration of magnetic circuit by
a steady-state electrical current flowing through the excitation windings. One magnetisation
characteristic may be drawn for any rotor position.
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Y [Wh] magnetisati_on
A characteristic
field ’ G
energy
W+
co-energ/
w
5 >

Fig.1.7 lllustration of the magnetisation characteristic, co-energy and field energy

The magnetisation curve depends on the magnetic properties of the material (permeability and
saturation flux density) and on the geometry of the magnetic circuit (air gap length, etc.). It aso
characterises the energy stored in the magnetic field for any rotor position, 6; , and for any
excitation current. This stored energy is denoted by Ws in Fig.1.7 and may be determined
mathematically as follows:

%
Wi =- [ixdY (1. 1)
0

The co-energy, which is complementary to the field energy has no physical significance but it helps
in simplifying the calculation. It may be defined as follows:

W:IIY xdi (1.2)
0

The instantaneous torque may be determined by considering an infinitesimal rotation of the rotor
between two positions g; and g, . The energy stored in the magnetic circuit in position ¢, is equal

to the area 0AA in Fig.1.8. During the displacement between g, and g,, energy is supplied to the

magnetic circuit, represented by the area A ABB . Only a fraction of this energy is converted into
mechanical energy during the actual movement. The remainder of the supplied energy remains
stored in the magnetic circuit or is returned to the source if the excitation supply is removed.
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Y [Whb]4

B B (62)
' f@*

A A (62)

»
>

»

O
Fig.1.8 Typical energy conversion loop for asmall displacement from &, to &,

The process of conversion of the energy may be described by the following equation:
OAA + A ABB -0BB =OAB (1.3)

where: OAA s the stored energy in position &y, A ABB' is the energy supplied from the source,

0BB is the stored energy in position 8, and OAB, the difference between the two, is the energy
converted to mechanical energy.

The instantaneous torque developed during the rotation from 61 to 6, may be mathematically
described by the following equations:

oW5
T =- W (1 4)
Y =const
and in terms of co-energy, which is complementary to the field energy:
T= {‘M} (1.5)
08 Ji =const

Ideally, the current should flow through the windings at the point when the inductance of the
magnetic circuit begins to increase. This point is close to the corner position. An example of a
conversion loop in an SRM is presented in Fig.1.9. Here it may be seen that the turn on angle
should be selected to be after the unaligned position and the turn off angle should be selected to be
before the aligned position. Selecting the turn off angle to be before the aligned position avoids a
period of production of generating torque, because the inductance of the magnetic circuit begins to
decrease with the increasing rotor angular position.
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, linear _
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Fig. 1.9 Conversion loops for the SRM illustrating the
main points used in controlling the SRM

Fig. 1.10 Illustration of the energy conversion loop for
SRM with linear and saturating material

The conversion efficiency may be characterised by the conversion ratio [45], defined as the ratio of
the converted energy to the sum of the converted and stored energy. This relationship may be also
thought of as the power factor of the machine.

_ Weonv
Weonv + Wi

EC = (1.6)

Magnetic saturation plays an important role in the SRM. Its influence has been discussed in various
papers. Among them [46] provides an analysis that compares two SRM: one made of ideal linear
material and the other made of saturating material. The ideal energy conversion loops are shown in
Fig.1.10, drawn under the assumption of a constant current flowing through the windings. It was
demonstrated in [46], that the machine with linear material produces more torque than that with
saturating material, at the expense of a higher apparent power rating. From the loops presented in
Fig. 1.10, it may be determined that the energy conversion ratio EC may be a maximum of 0.5 in
the case of the linear material and greater than 0.5 in the case of the saturating material. A
conversion ratio of unity may be achieved in the case of the ideal saturating material.

Asthe real materials used in electrical machines exhibit saturation, careful attention must be paid to
this. The effect of saturation of the magnetic circuit on the produced torque is such that more torque
may be produced in a machine whose magnetisation characteristics approach those of the SRM
with ideal saturating material. This means that a material or magnetic circuit, which saturates at a
low value of current, is desirable in the SRM.

1.4 Variations of SRM

It is a continuous challenge to improve the performances of the SRM. This goal may be achieved
by parametric optimisation or by proposing a completely new configuration. As the present work
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deals with a combination of the two solutions a brief study of the design proposed so far may be of
interest. In table 1.2 some variations of SRM areillustrated and their improvements are specified.

Table 1.2 lllustration of various configurations of SRM

1

SRM with DC assisted
excitation [47], [117],
[118]

Thisvariation of SRM pushes the
conversion loop in the region of
high saturation where the energy
ratio iscloseto 1. However, it
does not use effectively the
copper of the machine.

Hybrid type SRM [48]

Produces additional torque by the
presence of the permanent
magnets

PM-biased SRM [49],
[119]

Additional torque is produced by
PM

Screensin SRM [50],
[120], [121]

Reduces the unaligned
inductance but the performance
depends on the diffusion time of
the eddy current induced in the
screen

SRM with segmental
rotors [51], [52]

i +, GONduGtors

This variation of SRM utilises
better the phase MMF

SRM with both radial
and axial air gap [2]

v
T T
-

This variation increases of the air
gap surface
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1.5 Area of application of the SRM

The area of application of the SRM is extending at present. The SRM offers some attractive
features compared to other types of electrical machines. These are summarised below:

* The stator is easy to wind, and has short end windings which reduces the winding
resistance turns[16], [17]

» No windings or magnets fitted on the rotor

» dtrong, stiff rotor construction offers potential for high speed applications

* inherent fault tolerance is caused by that the phases are decoupled electrically [16],
[18], [19], [20], [21], [107]

 simple to wind stator coils cost vs. efficiency favourable relative to other motors,
including BLDCM [44].

* Rugged construction of the SRM is suitable for application in harsh environments
(vibration, temperature, low risk of sparks) [39], [41].

Despite the constructional advantages, the SRM has some weak points such as high torque ripple
and high level of noise and vibration. Although the torque ripple and the high vibration level are
often cited as main disadvantages of the SRM drive, solutions to solve these problems have been
proposed [22], [108], [109], [110].

To establish the area of application of the design aternative proposed in this thesis, the Shark
concept, a brief account of some recent application proposed for the SRM is given in the following
paragraph. Due to the previously mentioned advantages, the applications of the SRM may become
more numerous, as the unwillingness of the consumers to apply SRM drives begins to die away.
The trend for SRM application may be toward niche sectors where genera solutions are not
desirable.

Worldwide research in SRM technology is conducted in the following subjects:

* Magnetic levitation, where linear SRM drive system is used [23]
» Automotive applications [24], [25], [26], [27], [28], [39]

* Industria transportation [29], [30], [31]

* Wind energy, where the SRM is used as generator [32], [33]

*  Pumps[34], [35], [10]

» Aerospace industry [34], [35], [36], [37], [40].

In addition to research activity, the SRM technology has also found its way to production. The
latest known production applications are summarised below:

* SR Drives, now adivision of Emerson Electric Co. provides SRM technology for various
applications[39], [41] such as:
0 Beckman Instruments Inc, laboratory centrifuge system
o Flameproof drive system for potentially explosive atmosphere (150kW DIAMOND
Drive underground at Malby Coalliery, UK)
o0 BESAM dliding door operating system
o CompAir Broomwade Limited, screw air compressors

11
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Maytag, washing machine

Smallfry, food processor

Air conditioning system for passenger train
Picanol, weaving machine

Ametek, Infin-A-Tek, vacuum cleaning system
NORDIC door ab, unit for high speed role door

O 0O O0OO0OO0O0

»  EMOTRON [42]has developed the EMS-VV X SRM drive for ventilation systems

* RADIO-ENERGIE [39] has developed low voltage SRM drives with power in the range
0.7-2 KW at 3000 rpm for forklifts trucks and light electric vehicles.

» LG Electronics [43] has developed vacuum cleaner and air conditioner with SRM
technology.

1.6 Objectives of the study

In this section, some ideas related to the Shark principle and its fundaments are briefly reviewed, in
order to define the objective of this work As it was previously explained, the Shark principle
provides a solution for further improvement of the efficiency of an electric motor. It is a design
solution, that extends the conventional approach based on the radial cross-section of the motor. The
Shark principle improves the magnetic circuit of a given motor by the modification of the
longitudinal cross-section. In Fig.1.5, it was shown that the cylindrical air gap machine could be
modified by the addition of alongitudinal geometric pattern (Shark tooth) of various shapes.

The resulting structure has a larger energy conversion area in the air gap of an electric machine,
without the addition of more material. It acts by simply redistributing the existing material within
the machine. Very few publications [1], [2], [3] clam, that the Shark profile provides magnetic
benefits, hence the value of a detailed study of the Shark principle. Based on these considerations
one objective of thisstudy is:

To analyse the Shark concept and to study whether it is a valid solution for improvement
of the efficiency in electrical machines.

It is also of interest to find out how a motor with Shark air gap, compares to other motor types in
use. Therefore, it was decided to include a comparison of various motors, including also the motor
types, including the motor with Shark air gap. This provides a useful basis on which to compare the
efficiency of various types of energy conversion. So the second objectiveis:

To compare various types of electric motors Induction Motor, Switched Reluctance
Motor with cylindrical air gap, Switched Reluctance Motor with Shark air gap and
Brushless DC at similar working conditions

12
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Based on these two objectives the methodology used was as follows. To facilitate the comparative
analysis, all motors were designed to be built in the same frame, for the same rated output power,
achievable at similar working points defined by the (torque-speed) pair. From this point of view the
initial data of the motors built and tested in this project are: Grundfos frame MG 71, output power
P=0.55[kW], rated speed ®=2800 [rpm] and rated torque T=1.92 [Nm].

To achieve the first objective, the SRM was selected as demonstration machine, due to its simple
construction. A cylindrical air gap SRM was first designed and manufactured. Then Shark SRM
was manufactured based on the geometry of the CSRM, by modifying the shape of the air gap. In
thisway, the magnetic circuits of the two machines differ only in the shape of their air gaps.

The Shark structure adopted in the Shark SRM was obtained after optimisation with Finite Element
Analysis. In order to ease the analysis for other ranges of Shark SRM an analytical method was also
developed.

The list of the task to be achieved during thiswork is as following:
1.6.1 Parametric analysis

The first step of the study was to make a parametric analysis of the Shark profile. The method was
to analyse different Shark profiles and obtain a family of characteristics that may facilitate
optimisation of the structure. The air gap length of the Shark SRM was maintained constant along
the air gap region. The method included a theoretical approach followed by FEA. The FEA
provides information about the field distribution, which helps in understanding the manner in which
the Shark structures behaves. This step was to avoid a study of different Shark configurations using
different prototypes, which was too expensive and time consuming.

1.6.2 Analytical tool development

The next step was to develop an analytical tool, able to model the behaviour of a Shark structure
quickly. This proved to be difficult, as the non-linearity of the machine with cylindrical air gap is
emphasised by the presence of the Shark profile. The data provided by the FEA, where different
configurations may be investigated, were used to verify the results of the analytical work.

1.6.3 Validation of the Shark principle

Of course, any theory or ssimulation has to be validated by measurements on a demonstration
machine. Therefore, the manufacture of a demonstration machine was a necessary part of this
project. In order to prove the theory, the Shark SRM performances were compared with those of the
cylindrical SRM.

1.6.4 Comparison with other existing motors (IM, BLDCM)

Once the Shark SRM was analysed and compared with the CSRM, the question of its performance

in relation to the IM and BDCM arose. Therefore, four motors of different types, with the same
power rating (IM, CSRM, Shark SRM and BLDCM) were tested at defined working points.

13
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1.6.5 Technological considerations

In Fig.1.5, it is shown that, due to assembling difficulties, this principle is not easy to apply in any
type of electric machines. Among the existing electrical machines, the SRM with its simple
configuration was selected as demonstration machine. A 3 phase 6/4 SRM, having output power of
0.55 [KW] was preferred for prototyping because of the experience gained over time at Aalborg
University with SRM in this power range.

1.7 Outline of the thesis

The thesis is prepared in two main parts as shown in Figl.9. The first part is dedicated to the
analysis and development of the Shark structure while the second part is focused on comparison

criteria, performance indicators and manufacturing considerations.

/

Chapterl
I ntroduction

/ Shark principle \ / \
Chapter 2 Chapter 5
Shark principle Measurements and
comparison
Chapter 3
Finite Element
Modeling Chapter 6
Manufacturing
Ch_apter 4 consideration for the
Analytic formulae Shark SRM
k for Shark SRM j

2

Chapter 7
Conclusions

)

Chapter 1, Introduction provides the background and terminology of the thesis. The working
principle and the applications of the SRM, chosen as demonstration machine are discussed here.
The chapter contains the motivation of the study, defines the objectives of this work and present the
overview of this report.

-

Fig 1.9 Overview of thethesis

Chapter 2, Theoretical approach of the Shark concept introduces the Shark SRM principle. A
simplified linear approach leads to a preliminary assessment of the performances of the Shark
concept.
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Chapter 3, Finite Element Analysis of the Shark Switched Reluctance Motor presents the 2D
Finite Element model of the axial cross-section. The data are processed in order to obtain improved
the knowledge of the Shark structure behaviour. Analysis of different Shark teeth shapes is
performed and the optimum configuration is selected as a compromise between the desired
performance and the electrical and manufacturing constraints.

Chapter 4, Analytic model of the Shark Switched Reluctance Motor continues the study of the
Shark concept using anaytic analysis, thus avoiding the time consuming FEA. A better
understanding of the structure may also be provided by studying an analytical expression where the
type of dependence of the output parameters (flux, torque, axial forces) on the geometrical
dimensions of the structure may be identified. Validation of the analytic formulae is performed
using measurement results and FEA data. This chapter concludes on the accuracy of the analytical
models and on the optimum Shark configuration to be implemented in a demonstration machine.

Chapter 5, Measurement and comparison The measurement performed on the four types of
electrical machines (IM, CSRM, Shark SRM, BLDCM) and the results obtained are presented and
compared. Each motor is first discussed and in the end the results are combined to give a general
comparison approach.

Chapter 6, Manufacturing considerations for the Shark SRM In this chapter are identified the
particular problems generated by the assembly of a Shark structure. Some solutions are also
suggested for easier methods of assembly.

Chapter 7, Summary and conclusions. This chapter summarises the thesis and presents
suggestion for further investigations. The objectives of the study are evaluated in order to conclude
thiswork.

Appendix A Design data of the Induction Motor, cylindrical air gap Switched Reluctance
Motor, Shark Switched Reluctance Motor and Brushless DC Motor. Appendix A contains
sections dedicated to each of the four motors considered for analysis. In each section the design
data are specified.

Appendix B Finite element analysis This appendix contains comments and curves referring to
Chapter 3.

Appendix C Analytical models This appendix contains comments and data referring to Chapter 4.

Appendix D Estimation of the motor pricesIn this appendix, general expression for estimating
the price of amotor is provided.
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Chapter 2

Linear analysis of the Shark-Switched
Reluctance Motor

Shark — is in the present context the name of a new concept of designing electrical machines. This
concept breaks the tradition of the purely cylindrical design, concentrated on the radial cross-
section, and considers the machine also from the perspective of its longitudinal cross-section ( row
6 in table 2.1). The air gap shape is modified by redistributing material between the stator and the
rotor bodies. The resulting configuration has the merit that it increases the area of the air gap and
consequently improves the energy conversion. As shown in the previous chapter, saturation of the
magnetic material plays an important role for the performances of the SRM. In the case of the
Shark SRM, this phenomenon is emphasised by the specific shape of the air gap.

In order to present the way in which the Shark concept works, a linear analysis is considered
initially. The first section of this chapter is dedicated to the magnetic field and energy conversion in
the Shark air gap. Initially areview of the published literature concerning the Shark configuration is
presented. Subsequently, various Shark profiles are presented and analysed under the assumption of
linearity of the magnetic properties of the steel. Finally, the Shark profiles are evaluated based on
criteria to be defined in the chapter and the Shark profile with the best magnetic properties is
selected, assuming linear conditions.

2. 1 Shark principle

This section is dedicated to linear analysis of the Shark concept. Initialy, the Shark principle is
introduced and the variables that describe the geometry of the Shark air gap are defined. Then the
discussion focuses on analysis of the proposed principle under the assumption of linearity of the
magnetic material. The criteria used for evaluation are defined and simple expressions for the
variables used to characterise each of the studied configurations are determined. The conclusions
arising from the comparison of various Shark profiles are evaluated at the end of the section.

2.1.1 Literature review

There are only few publications about this type of non-linear configuration of the air gap [1], [2],
[4]. In [2], asingle phase SRM is considered, with the air gap shape shown in row 6 of Table 2.1.
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The analysis of this structure encouraged the authors to claim that the SRM with a toothed air gap
exhibits an efficiency somel0 [%] bigger than that of an equivalent cylindrical air gap SRM.

In [1] the Shark concept isinitially studied by the means of a simple structure, as shown in Fig.2.2.
The air gap of this model has a saw-toothed profile. Measurements on this model showed that such
a configuration exhibits increased air gap permeance and lower acoustic noise, compared to the
model of Fig.2.1, with cylindrical air gap. The same paper also presents a prototype SRM with
toothed air gap, as shown in Fig.2.3. As for the air gap shape design of the Fig.2.3 motor was not
optimised, the measured results did not reach the predictions for torque production. However, the
static measurement of the flux linkage characteristics indicated that for similar excitation
conditions, the flux linkage is higher, than in the cylindrical air gap SRM, as long as the material
does not saturate. The authors concluded that optimisation is necessary in order to reap al the
benefits of adopting such a structure.

winding winding

N:t: N

Rtar

Fig. 2. 1 Cylindrical air gap structure  Fig. 2. 2 Simplified Shark structure Fig. 2. 3 Toothed air gap Shark SRM
(1] (1] [1]

Degspite the improved performances measured on different Shark structures a detailed study of the
Shark configuration has not yet been reported. In the present work, a step-by-step analysis is
conducted. The first step consists of a simplified analysis assuming linear magnetic material
properties. To introduce the subject, the Shark configuration is presented and the main geometric
parameters are defined.

2.1.2 Shark configuration

The terms used in the analysis of the Shark SRM are defined in this section. The geometric
conditions and the electromagnetic assumptions are discussed and the evaluation criteriaare
defined.

Geometric conditions

The philosophy of the Shark concept is an extension of the geometry of a cylindrical air gap SRM
(CSRM), shown in Fig.2.4. The main geometric dimensions of the CSRM, as defined in Fig.2.4,
are: Ds—stator outer diameter, Dps — stator slot bottom diameter, D,1 — rotor diameter, Dy, - rotor
bottom diameter, |4« — length of the lamination stack, g — air gap length in the aligned position and
(gi+g) —air gap length in the unaligned position.
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The Shark SRM, illustrated in Fig.2.5, is obtained by redistribution of the magnetic material
between the stator and the rotor bodies. This means that a certain amount of material is removed
from the stator in order to shape the Shark profiles of the stator body. The same amount of material
is added to the rotor in order to form the Shark profiles of the rotor body. This processis carried out
keeping the main dimensions of the radial cross-section unchanged, except the rotor diameters.
Whilst the original dimension D,; remains unchanged, an additional dimension, D,,, which helpsin
specifying the Shark profile, is defined. It is worth mentioning that the Shark teeth may be
generated inwards or outwards on the rotor body. The second configuration is used throughout this
work. Even if the air gap areawere to be identical in the two cases, as the width of the polesis kept

unchanged, the unaligned inductance will be dlightly increased by the Shark air gap, reducing the
benefit of the Shark air gap.

Fig.2.4 View of a CSRM Fig.2.5 View of a Shark SRM

The main geometrical dimensions remain unchanged. This means that:

» thestack length, |, of the Shark SRM is the same asin the equivalent CSRM
» thestator diameter, Ds, of the Shark SRM is the same as in the equivalent CSRM
» theair gap length, g, of the Shark SRM is the same as in the equivalent CSRM

Under these conditions, the core volumes of the CSRM and Shark SRM are identical, defined
as.

D 2
Vcore =77 [é?s) D]stk (2-1)

The amount of material used in the two motors was also identical as the Shark structure is obtained
simply by redistributing the iron material between stator and rotor. No material was added or
removed from the machine. The excitation circuit of the two motors is assumed to comprise similar
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coils, which means an equal number of turns per pole, the same conductor diameter and
consequently the same quantity of copper. The geometric conditions of the analysis may be

summarised as follows:

» thetwo motors have identical stack lengths

» thetwo motors have identical main dimensions (see Fig.2.4 and Fig.2.5)
» thetwo motors have identical lengths of the air gap
» thetwo motors contain the same amount of material (iron and copper)

M ethodology of the Analysis

The geometrical pattern, which islongitudinally translated to form the Shark air gap, is called Shark
tooth/profile/segment and it may adopt various shapes. A study of the effect of applying these
shapes was performed for the aligned rotor position in this section. The sections considered are
illustrated in: Fig.2.6, Fig.2.7, Fig.2.8 and Fig.2.9. Each of these Shark profiles is defined by the
following dimensions: |4« — Shark tooth pitch, hg — height of the Shark profile, angle p and g —the
air gap length. The air gap length is assumed to be constant for all Shark profiles considered. For
some configurations, e.g. as the square wave, the length of the air gap may have different valuesin
the radial and longitudinal directions, as shown in Fig.2.8. The trapezoidal version requires an
additional parameter, liop, expressed as afraction k of the tooth pitch, ls,

lshi

Fig. 2. 4 Saw-toothed profile showing characteristic

dimensions
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Fig. 2. 6 Square-wave profile showing characteristic

dimensions
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Fig. 2. 5 Elliptical profile showing characteristic
dimensions
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Fig. 2. 7 Trapezoidal profile showing characteristic
dimensions

This study is performed using on the theory of the equivalent magnetic circuit [53]. The differentia
permeance of alayer of thickness dy with flux crossing the area | [dy, shown in Fig.2.8 is given

by the expression:

20



Chapter 2 Linear analysis of the Shark switched Reluctance Motor

G =y Y 22
U w(y) (2.2)

dy ——
w(y)

Fig. 2. 8 lllustration for differential permeance calculation

Using equation (2.2), the permeance of the magnetic circuit may be calculated in the aligned
position for each of the Shark profiles considered. All these calculations are valid under specific
assumptions, which are discussed in the following paragraph.

Assumptions used in the magnetic circuit calculations

The objective of this chapter is, as stated to make alinear analysis and comparison of various Shark
profiles. In order to achieve this objective some assumptions were made. First of all the iron was
considered to have linear magnetic properties. This means that the BH curve is linear and no
saturation is taken into account.

Secondly fringing of flux at the ends of the magnetic circuit was neglected. This admits a very
simple geometry, whose parameters may be determined by the above method. These assumptions
simplify expression (2.2) and facilitate calculation of the air gap permeance.

Evaluation criteria

The comparison of the performances of the various Shark profiles was based on the following
criteria

e inductance gain in the aligned rotor position. This is determined as the ratio of the
inductance value calculated for the Shark SRM to the same variable calculated for the
CSRM

e energy gain. The energy conversion in an SRM may simply be estimated by the difference
of the coenergy between the aligned and the unaligned rotor positions. This quantity was
determined for both Shark and cylindrical air gap SRM. The improvement of the energy
conversion process in the Shark SRM may now be evaluated by observing the ratio of the
energy converted in the Shark SRM during a single stroke to the energy converted in the
CSRM during a single stroke.

2.2 Linear analysis of various Shark profiles

The magnetic performances of various Shark profiles were analysed under the conditions and
assumptions discussed in the previous section. The analysis starts with the CSRM and continues
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with the Shark SRM profiles in the following order: saw, €ellipse, trapezoid and square wave and
ends with conclusions.

2.2.1 Cylindrical air gap SRM

The magnetising inductance, Lq of the cylindrical air gap SRM in the aligned position may be
determined as a function of the dimensions of the magnetic circuit:

2 2 2
|\Iph |\Iph - H ENph E('stk D]pole)

) lidaa)

where L isthe magnetising inductance of the magnetic circuit in the aligned rotor position, 4 is

Lo = (2.3)

the permeability of the free space, Ag isthe area of the air gap, g isthe air gap length, |po|e iIsthe

length of astator poleand N ph is the number of turns per phase.

Similarly the inductance of the magnetic circuit at the unaligned rotor position may be calculated.
The flux path at the unaligned rotor position has a more complex configuration. Therefore exact
calculation of the unaligned inductance is complicated and must be subject of a series of
approximations, which increases the uncertainty of the result. Therefore, during this simplified

discussion it was assumed that the inductance of the unaligned position had the value L‘(J) and may

be obtained from the aligned position inductance by division with afactor k , whose value depends
on the specific design of the radial cross-section of the SRM.

The energy of the magnetic circuit when the rotor was in the aligned position, W2, is determined
under the assumption of linear magnetic properties by the equation:

Wis =% 13 02 (2.4)

wheretheindex O refersto the cylindrical air gap machine, index a to the aligned positionand i is
the current flowing through the phase winding.
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The energy converted in the CSRM during one stroke (movement of the rotor from the unaligned to
the aligned rotor position) is given by:

AW, =W - W' :% [° [(Lg - LLC‘,) (2.5)

where Ly and W' are the inductance and energy of the cylindrical air gap SRM in the unaligned

position. Written in terms of aligned inductance, L9, expression (2.5), becomes:

a —
AW, -1 A% L3 L :M 2 (2.6)
2 k. 2k,
a
where K -L
0

This expression was used as reference for al following calculations in the cases of the various
Shark profiles.

2.2.2 Saw-toothed profile

The inductance of the saw-toothed SRM in the aligned position is given by:

2.7)

where Ay, IS the area of the saw toothed air gap and S is the angle which defines the geometry
of the Shark profile.

This means that the inductance gain defined by the ratio of the inductance of the Shark SRM-
equation (2.7), to the inductance of the CSRM — as shown in equation (2.3) is given by:

L 1
k = —SaW — 2.8
== (28)

Equation (2.8) indicates that the inductance gain depends only on the angle (.
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In order to highlight the dependence of the inductance gain on the number of Shark segments and

on their height, expression (2.8) may be rewritten based on the saw-toothed geometry illustrated in
Fig. 2.4 asfollows:

ksaW - -

(2.9)
Lo | shic

Now the influence of the length and height of the Shark profile can be studied separately. If, for
instance, the height of the Shark segment is held constant the inductance gain increases with
reduction of the Shark segment pitch. The variation is shown in Fig.2.9. On the other hand, if the

length of the Shark segment is held constant, then the inductance gain increases as the height of the
Shark segment increases as shown in Fig.2.9.

8

— - hgple=t

- hshk/g:S 7
hshng:10

/L0
o

saw

inductance gain = L
energy gain = DWsaw/DWO

Fig.2.9 Inductance gain for the saw-toothed air gap showing  Fig.2.10 Energy gain for the saw-toothed air gap showing
the influence of the height and length of the Shark tooth the influence of the height and length of the Shark tooth

The change in the energy of the saw toothed air gap may be determined as:
DWaaw =Weaw - Weaw (2.10)

where: W&, and Wg,, are the energies of the saw toothed SRM in the aligned and unaligned
position respectively.

As mentioned in the previous section, the inductance in the unaligned rotor position, was assumed
to be equal for the Shark SRM and CSRM. Therefore, the energy in the unaligned position is also

24



Chapter 2 Linear analysis of the Shark switched Reluctance Motor

equal for both machines (W,%W:W(;“' ). Based on this assumption the energy converted in the Shark
SRM, during movement from the unaligned to the aligned position, is given by:

Lo — L
MWy =WSy ~W3' = %") ng (2.11)

This expression may be written in terms of inductance gain, kg, and inductanceratio k| as
follows:

[LO Dkgiw kOJ
L L
— 2 _ 2
AW, = 5 0° = OL [k, Dkegy —1) 0 (2.12)

From equations (2.6) and (2.12), the energy gain, defined as the ration of the change in co-energy
during one stroke of the Shark SRM (AWg,, ) to the same quantity determined for the CSRM

(AWp), is:

AWy, K, [Kgy —1
AW, k, -1

Ko = (2.13)

The variation of k., with the dimensions of the Shark tooth is presented in Fig.2.10.

The equations determined suggest that the inductance gain depends on the angle £ or on the ratio

2 hgy

| shic

. This means that for a given stack length and angle £, the performance of the saw profile

does not change with the length of the Shark segment (L;:W =constant at constant ().

To be more specific, consider the Shark segmentsin Fig.2.13. For agiven tooth pitch, | 4, , one or
two Shark segments, having the same angle 3 might be accommodated.

The question to be answered is whether the number of the Shark segments influences the
performance of the Shark configuration. According to equation (2.8), there will be no effect of the
Shark segment length. Closer study reveals that not all the area of the saw-toothed air gap is

effectively crossed by flux lines. The effective length of the region crossed by the flux lines may be
approximated, based on the geometry of Fig. 2.11, by:

|, =1, -l (2.14)

where |;is the length of the side of the Shark profile:
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_ ek (2.15)

ly =
t 2[tosf

and Jl isthelength of the air gap which is not effectively crossed by the field lines:

ol =gltanf (2.16)

Fig.2.11 Geometry of the Shark teeth having different lengths

From equations (2.14), (2.15), (2.16) the equivalent length of the stack used in the conversion is
given by:

Ishk
= ————gan 217
© = Jltos3 g [ian 5 (2.17)

Under these considerations, the total active length (11%¢') for a Shark SRM with the stack length,
|4 isgiven by:

|
Iéotal :2|jh[ I:I]ezz[!stk EE shk _gljanﬂ]
g \2L€0SS (218

— Istk —ZE!IStk Eg[tan,&’
shk

cosf

Equation (2.18) suggests that the effective conversion area is dependent on the length of the Shark
segment. There is alimit to the number of Shark teeth which may be built in a given stack length,
for which the Shark air gap behaves similarly to the cylindrical air gap. This limit is obtained from
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the condition that Iéc’ta' equals the stack length, 4. The limit for n, depends on the angle S as
shownin Fig.2.12.

180

—*— [3=50[deg]
— = B=60[deq]
—%— B=70[deg]
100,,,,,,,,,,,, L ,,,,,,,j ,,,,,, ;,,,

| | | | CSRM
1601 - > o L L B Rt B=20[deg]
| | | B=30[deg]
I o L — - — B=40[deg]

120

] e T

equivalent length of the active region

60 | m—

40
0
number of Shark teeth

Fig.2.12 Illustration of the influence of the number of Shark teeth, with specified £, which may be accommodated
along a given stack length, on the equivalent length of the conversion region.

2.2.3 Elliptical profile

The elliptical Shark profile is described by the following equation:

X2 y2
_+_2
b

=1 (2.19)
22

I I
where a:% and b = hgy =%[ﬁan,8 :

The maximum inductance obtainable by using this profileis given by:

N .2 Lo ON 2 Tl CL
Lalipse = Ph =0 Eﬂak pO') (2.20)
g g
Ho DA\ellips;e
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where:  Agjlipse is the area of the elliptical air gap and I'Stk is the equivalent length of the Shark

SRM air gap. I'S[k may be determined from the semi perimeter of the ellipse multiplied by the
number of Shark segments n :

Ilstk=7—27E(a+b)E(3—1/4—he)Eht (2.21)

2 2
where he:(a_bj :(1_tanﬁj 2.22)
atb l+tanf

From (2.20), (2.21) and (2.22) the inductance in the aligned position becomes:

o ™ f e+ ) ()1,

Lalipse =

g
Ho ENp2>h [Ent Egd% [ql+tan:8)E(3_\/4_he)D]polj

g

U, N2, O T 1-tan 2
I—ellips;e: °—Ph Sk Z[@-"'tanﬂ) 3_\/4_[ IB)

Letlipse = (2.23)

g l+tan S

From (2.23) and (2.3) the inductance gain, Kgjipse, Of the eliptical Shark profileis given by:

I—ellipse V4 l1-tan g ?
Kalipse = L =ZEﬂl+tan,8) 3-.4- L+ten 3 (2.24)
0

The inductance gain of the elliptical profile dependson theangle S only. Theélliptical profile
produces a higher aligned inductance compared with the saw-toothed profile for the whole range of
angle 8.

To express the inductance gain as a function of the length and the height of the Shark segment,
tan S isreplaced by an expression in terms of hg, and |4, . Using this expression the variation of

inductance gain with the length, l4, , is presented in Fig.2.13, for different heights, hgy, of the

Shark profile. The variation is quite similar in shape to that in the case of the saw-toothed profile.
The change of the co-energy of the elliptical toothed air gap may be determined as.
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_wa U
AWylipse =Wetlipse ~Wellipse (2.25)

a u i . .
where Wellipse and Wellipse are the co-energy of the elliptic toothed SRM —in the aligned and
unaligned position.

Asin the previous section, the inductance of the unaligned rotor position, was considered to be
equal for the Shark SRM and the CSRM, making the co-energy of the unaligned position also equal

for both machines (Wéljlipse:W(l)J)' Based on this assumption, the energy converted in the
elliptical Shark SRM, during movement from the unaligned to the aligned position, is given by:

Lai —LU)
e =WE u_ ( elipse “Lo/ .2
SWeltipse =Welipse ™0 = 2 1 (2.26)
8 ; ‘
\‘ : | — - -hgylo=1
777”\\”77% 7777777 j:i” ——Ng/0=5
2 | : : ***** hShng_]'S sm
I N ! 1
IS : ;
S : 2
: ! £
g | 3
g | .
= : %

lspil9
sh
Fig.2.13 Inductance gain for the elliptical profile showing the Fig.2.14 Energy gain for the elliptical profile showing the
influence of the height and length of the Shark tooth. influence of the height and length of the Shark tooth.

This expression may be written in terms of inductance gain, Kgjjipse and inductanceratio ki_ as
follows:

LoEkeuipse‘LO
MWejinse = 2. b i 1) (227)
elipse 5 20k, L “ellipse .
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From equations (2.6) and (2.27) the energy gain, Kygjipse » defined as the ratio of the change in co-

energy during one stroke in the elliptical Shark SRM to the same variable determined for the
CSRM, isgiven by:

AWellipse KL Kellipse 1
AW kg -1

Kwellipse = (2.28)

Variation as function of the dimensions of the elliptical Shark tooth is presented in Fig2.14 and it
exhibits similar features to the diagrams representing the saw-toothed profile.

2.2.4 Square wave profile

The inductance of the sguare wave profile, illustrated in Fig.2.6 consists of two components. a
radial component L, and an axial component L, :

ﬂoEN;ZJhDASL_I_,UoENShDA‘Q

quuare = Ll + I-2 = g g (2.29)
1 2
which means that:
L :,Uo ENﬁh [(Istk D]po|)+ﬂo ENﬁh [(Zﬂ‘t (g D]pol) (2:30)
square gl 92 '

Assuming that the axial and the radial air gaps are equal (g;=92=g) the inductance associated
with the magnetic circuit of the square wave profile is given by the following expression:

2
. _ Mo N, [(Istk L ) [E“ 2 [h, Ehshk] 23
g

square — |
stk

which may be expressed as follows, in terms of dimensions of the Shark profile:

|
stk
| shk 2 theni
stk lshi

This means that the inductance gain of the square wave profile is determined by:
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Lsquare 2 xh
Ksquare = —HEE o g4 ek (2.33)
Lo | shi

which becomes, in terms of angle p:

L uare
ksquare = sqL_ =(1+tan (2:34)
0

Following the same procedure as in the cases of the saw-toothed and elliptical profiles, the energy
gain may be determined as:

DW. ki xk -1
kquuare _ square _ L ™square (2.35)
DWo ki -1

It may be concluded that the inductance gain of the square wave air gap is proportional to thetan b
conforming to the equation (2.34).

Variations of the inductance and energy gains are presented in Fig.2.15 and Fig.2.16 respectively as
function of the Shark tooth pitch

9 i | H
\ | | — - —hgpdo=l
I "« h_Jg=5
. L | shi' 9~ 2
= ‘ | hg,/9=10 | &)
g 1 1 - o
: ‘ | DONCECHE
_Jm | : | 5’,
1 | | |
‘ | : [ 3
S | l l I
) | | | =
8 | | | g
8 >
S S
2 z
40
lsrid9
Fig.2.15 Inductance gain for the square wave profile Fig.2 1.6 Energy gain for the square wave profile showing the
ShOVr\]” ng theinfluence of height and length of the Shark i nflyence of the height and length of the Shark tooth
toot
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2.2.5 Trapezoidal profile

The inductance of the Shark SRM with trapezoidal profileis given by:

N2 N2, [ O
Lirap = ph _Ho ph;ﬁstk pol) 236
g
[/«’o D3trap]

where:

2
e = 200, Hlp +11) = 200, Dk gy +\j(%j fL-2K)? +h2,

444 482444443
I, (2.37)
20y, )
la =lq D20k +,|(1-2K)? +(—Shk]
Ishk
with: Itop = k “Shk k < 05 (238)
From (2.36) and (2.37) the total inductance becomes:
2[hy, ?
2
Ho IN? Hl gy 120K+ (1-2(K) "'( ™ k} Dol
Liyap = (2.39)
rap g
The inductance gain for the trapezoidal profileis given by:
L 20y, )
ktrap =P :2[k+\/(1_2[k)2 +( DhShk] (2.40)
Lo |k
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N Krap=% 20K+ {1 20K + (e e

For k=0.5, expression (2.41) is equivalent to (2.34) for the square wave profile, and for k=0,
expression (2.41) is equivalent to (2.8) for the saw-toothed profile.
The energy gain, determined as in the previous cases (2.13), (2.28), (2.35), may be expressed:

MWay _ Ky Tkiggp —1

(2.42)

I('\/\/trap =

The variation of inductance and energy gains, expressed by equations (2.40) and (2.42) is
illustrated in Fig.2.17 and Fig.2.18.

9 | | ‘
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\\ : : hSh|Jg:5
e e gy
2 | |
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1

inductance gain
energy gain = AWtrap/AWO

Fig.2.17 Inductance gain for the trapezoid profile showing  Fig.2.18 Energy gain for the trapezoid profile showing the
the influence of the height and length of the Shark tooth. influence of the height and length of the Shark tooth.

2.3 Discussion and Comparison of the analysed Shark profiles

In the linear analysis of the previous section each of the four Shark profiles was considered

separately. To help the selection of the Shark structure, which has the best magnetic performance, a
comparison of the resultsis necessary.

The expressions for the inductance gain of the Shark profiles considered are summarised in table

2.2 For each Shark profile, the expressions of the inductance gain and its value for a specified 3 (45
[degrees]) are presented. It may be observed that the SRM with trapezoidal profileisthe
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generalization of the saw-toothed and square wave Shark SRMs. As the dimension iy, shown in

Fig.2.7, varies, the inductance gain assumes values varying between those of the saw-toothed and
sguare wave Shark SRMs. The inductance gain of the elliptical profile exceeds that of the saw-
toothed profile but it is smaller than that of the square wave profile.

In Fig.2.19, the curves showing the inductance ratio variation with angle S are presented for the

saw-toothed, square wave, dliptical and trapezoidal Shark profiles. A similar variation is observed
for the energy ratio, presented in Fig.2.20

These curves show that:

» theinfluence of the Shark profile on the performances of the magnetic circuit increases with

theangle

» the saw toothed and the square waved profiles represents respectively the lower and the
upper limits for the inductance and energy gain
» thetrapezoidal profile may be considered to be a generalisation of both the saw-toothed and
the square wave profiles.

Table 2. 1 Inductance gain for saw-toothed, square-wave, ellipsoidal and trapezoidal Shark profiles

Profile type Inductance gain in the aligned position interms | Inductance gain at
of =45 [deg]
Saw-toothed profile _ 1 141
kSaW -
cosf
Square wave profile Ksquare = (1+tan ) 2
Ellipse profile 2| 1.57
T 1- tan,B
Kellinge = — 1+ tan 3-.,l4-
ellipse 4[6 ,3) \/ [1+tan,8}
Trapezoidal profile _ 2 2 1.41 (k=0
® P Kirap = 20k + \/(1_ 21k) + (tan B)°, 1.48 Ek:O?l)
_ Itop . 1.67 (k:03)
e S0° 2,00 (k=0.5)

According to this idealised analysis (2.13), the number of Shark teeth in a given machine does not
affect the performances of the Shark configuration if the ratio of the Shark tooth height to its length
remains constant ( 5 =const.). Thisis contradicted by equation (2.18), which shows that if there are
many Shark profiles much active area of the air gap is lost. This is due to the fact that the flux
density is not uniformly distributed along the Shark air gap. This subject will be discussed in
chapter 3 asit may be decisivein choice of Shark profile for further considerations.
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3.5

square profile
— - —elliptic profile
trapezoid profile (k=0.3)

——— saw profile

square profile
— - —elliptic profile
trapezoid profile (k=0.3)

——— saw profile

inductance gain
energy gain

Fig.2.19 Comparison of inductance gain variation asa
function of angle B for various Shark profiles

Fig.2.20 Comparison of energy gain variation as afunction
of angle B for various Shark profiles

The influence of the length and height of the Shark tooth on the magnetic performances of the
Shark SRM s illustrated in Fig.2.21 and Fig.2.22. It may be observed that the inductance and
energy gains decrease with the length of the Shark profile provided that the height, hg,, remains

constant. Again the trapezoidal profile behaves as a generalisation of the saw toothed and square-
wave profile.

I I
ffffff square profile
—e— elliptic profile .
—— — trapezoid profile (k=0.3))
saw profile .
- -4 --square profile
— A — elliptic profile =
—=4A — trapezoid profile (k=0.3))
saw profile

inductance gain

Fig.2.21 lllustration of the inductance gain as afunction of the length and height of the Shark profile
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If the length, |4 , of the Shark profile remains constant then the inductance and the energy gains
both increases with the increasing height, hgy , of the profiles.

[ [
ffffff square profile

—e— elliptic profile

—— — trapezoid profile (k=0.3)
saw profile

- -4+ -- square profile

— A — elliptic profile

—24 — trapezoid profile (k=0.3) ||
—4A—— saw profile

energy gain

Fig.2.22 lllustration of the energy gain variation as a function of the length and height of the Shark profile

According to this linearised analysis the square wave profile exhibits the best magnetic
performances compared to the other shapes of Shark teeth analysed. The best performances of the
square wave profile are obtained for large £, which is equivalent to alarge ratio of the height to
the length of the profile. Thismay be seenin Fig.2.19, Fig.2.20, Fig.2.21 and Fig.2.22. This means
that the optimum Shark configuration comprises a square wave air gap whose teeth are as high and
narrow as possible. However, when selecting these dimensions there will be some limitations.

The height of the Shark teeth islimited as the presence of the Shark teeth reduces the available
winding area. In this project, the height hg, of the Shark profile was limited to about 20 [%)] of the

height of the stator pole. For the SRM, with the dimensions given in Appendix B1, thislimitis4.5
[mm]. The length of the Shark tooth is limited by the lamination thickness. The shortest square
wave Shark tooth that could be built has the length 14, = 3[l|5y, Where |4y, isthe thickness of the

lamination as shown in Fig.2.23.
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Fig.2.23 lllustration of the minimum length square wave Shark profile
2.4 Summary and conclusion

A linear analysis of various Shark profiles was presented in this chapter. The analysis used the
method of the equivalent magnetic circuit assuming linear magnetic properties of the iron and
complete absence of fringing flux. The profiles selected for analysis were: saw-toothed, square
wave, trapezoidal and elliptical. For each of them, the inductance gain and the energy gain were
taken as criteriafor evaluation. While the inductance in the unaligned position was considered to be
identical for the Shark and the cylindrical air gap machines, the inductance of the circuit in the
aligned position was considered to be a useful indicator of the performance of the Shark profiles. It
was calculated for each case. The energy gain was selected as an indicator for the capability of the
Shark machine to produce torque.

Comparison of the performances of the four Shark shapes showed that:

» The sguare wave profile exhibits the best capability for improvement of the energy
conversion

* The saw-toothed profile exhibits the lowest inductance gain and energy gain

» Thetrapezoida profileisageneralisation of the saw-toothed and square wave profiles

* The inductance gain and the energy gain exhibit similar dependences on the values of
geometrical parameters of the Shark profiles

* Theinductance gain and the energy gain decrease with decreasing angle S

* The inductance gain and the energy gain decrease with the length of the Shark tooth,
assuming that its height remains constant

» Theinductance gain and the energy gain increase in proportion with the height of the Shark
tooth, assuming that its length remains constant.

By these results the first objective of the chapter was reached. This further allowed selection of the
Shark profile providing the best magnetic performance. It was decided that assuming linear
magnetic properties of the iron, the square-wave Shark profile having a height of 20 % of the stator
pole height and the length equal to 3 times the lamination thickness offers the best magnetic
performance. This conclusion was drawn assuming uniform distribution of the air gap magnetic
flux density.
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Chapter 3

Finite Element modelling of Shark Switched
Reluctance Motor

In the preceding section, discussion was limited to linear analysis of the magnetic circuit of various
configurations of Shark SRM —that is, saturation of the iron material has not been taken into
account. However, saturation plays an important role in the process of energy conversion in the
SRM. Therefore, the analysis of the magnetic capabilities of the Shark SRM is extended in this
section to include the non-linear regions of the magnetisation characteristics, and the considerations
from chapter 2 are amended to reflect the real field distribution in Shark structures.

Traditionally, analytical methods represent the first step in designing and analysing electrical
machines, Finite Element Analysis (FEA) being rather used as optimisation tool. However, no
analytical method, describing the magnetic circuit of the Shark SRM, is available. Therefore,
throughout this work, FEA is used to provide the basic data about the various configurations of
Shark SRM and the Cylindrical air gap SRM (CSRM), which is considered as reference machine.
By analysing different Shark geometries, the optimum Shark configuration — that is the optimum
shape and the optimum dimensions- is selected to be applied and tested in a demonstration
machine.

This chapter examines the influence of the Shark air gap dimensions on the magnetic performance
of the Shark SRM. The performance is assessed by studying the flux linkage characteristics and
flux linkage gain. Initialy, the objectives are defined. Then, abrief review of the FEA and Finite
Element Model (FEM) is considered. The discussion follows with the question of whether a Shark
structure, with inherent 3D flux flow, might be studied using a two-dimensional (2D) FEM.

The FEM of CSRM and Shark SRM are described for both the aligned and unaligned rotor
positions and the results of the computations are used to analyse the magnetic capabilities of the
Shark SRM. At the end of the chapter, the optimum shape of Shark air gap and its dimensions are
determined.
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3.1 Objectives and methodology

The main attractive feature of the Shark structure resides in the improvement of the energy
conversion due to the larger air gap area, created by the particular geometry of the Shark air gap.
Thisincreasein air gap areais achieved by redistributing the iron material between stator and rotor
(see description in chapter 2). This causes the field patterns in the Shark SRMs to change relative to
those in CSRM. Consequently, the flux linkage induced in Shark structures will also change. In
chapter 2 the air gap flux density was assumed to be evenly distributed. In this chapter, this
assumption will be investigated and amended if necessary.

Thelinear analysis of chapter 2, showed that any Shark SRM produces more flux linkage in the
aligned rotor position than its CSRM counterpart does. It also showed that thisimprovement is
strongly dependent on the dimensions of the Shark teeth and on the excitation current.

Therefore, a parametric analysis of various Shark SRMs is necessary in order to reveal the
influence of each Shark tooth dimension on the performances of the Shark SRM. Further, the
phenomenon of local saturation is emphasised in Shark configurations. It is believed that the
regions with local saturation have different locationsin various Shark profiles, and their influence
on the performances of the Shark structuresis analysed in this chapter.

The objectives of this chapter may be summarised as following:

» To amend the results of chapter 2, if necessary
* To extend the linear analysis from chapter 2 to include saturation condition
0 To document the influence of Shark tooth dimensions on the magnetic performance
of the Shark structure
0 To analyse the mechanism of saturation in various Shark profiles and to document
its effect on the performance of the Shark structures
* To compare various Shark profiles and to determine the optimum shape and dimensions to
be applied in a demonstration machine

In order to assure that these objectives are accomplished, the method used in this chapter is as
follow:

» Finite element solutions are obtained for various Shark profiles (saw-toothed, square-wave,
trapezoidal), having different dimensions

» Theanalysisis performed so as to identify the influence of each dimension of the Shark
profile on the performances of the Shark SRM. That is:

o variableangle S (or height hy, ) and constant Shark tooth pitch, |y,

o variabletooth pitch, |4, and constant angle 3

o variableangle [ (or tooth pitch |4, ) and constant height of the Shark tooth, Ny
* Theresults are compared and the optimum shape of the air gap is determined
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3.2 Solving the magnetic field by the means of the Finite
Element Analysis

In this section general aspects of finite element modelling such as mesh generation and flux linkage
calculation are reviewed.

The FEA is apowerful tool for engineering applications. First developed in 1942 by R. Courant
[55], it isan indispensable design tool, especially now, when the concept of virtual prototyping is
actual. The tradition of electrical machine design indicates it more as an optimisation tool, but it
may be used also in the preliminary phase of the design process, asit is the case in this study.

Its principleis"Divide et impera'. A complicated problem is broken into small regions, where the
wanted solution may be much more easily determined. Despite the time consumption, which is
much reduced on the latest computers, the results are valuable for a new system about which no
knowledge is available. Reducing the time to progress from idea to final product, FEA provides a
powerful tool in various application areas as: structural analysis, thermal analysis and heat transfer,
frequency analysis, fluid flow, motion simulation, electrostatics, electromagnetics. Thereisa
variety of software package for FEA dedicated to the electromagnetic field. Among them Opera—
Vector Fields software, [54] is used throughout this work.

To create a FEM, requires an amount of a priori knowledge about the field pattern, in order to
decide whether a Cartesian or an Axisymmetric model hasto be built. A Cartesian model (xy) may
be useful if thefield is confined in a plane, without rotational symmetry whilst an axisymmetric
model (rz) may be made if the field in a cross-section of the problem preserves the same patternin
cross-section located at different positions along one of the axes.

For an electric motor, the Cartesian model description is used. Other aspects of using FEA are
related to the type of elements, mesh density and air gap discretisation. The type of elements, the
order of the interpolation function and the mesh size are important for the accuracy of the solution
[55], [58], [101]. The air gap requires special care when the mesh is generated for rotating
electrical machines. As a solution of the field may be needed at different rotor positions, itis
important to keep unchanged the mesh in the air gap so that the solutions for different positions
have an identical mesh error. Therefore, the air gap istypically split into at least 3 layers, which
allows the use of mesh dliding technique [55] — that is the two outer layers are attached to the stator
and to the rotor body respectively while the inner layer(s) are allowed to slide with a step
determined by the size of the mesh. The multi-layer air gap is also important in force and torque
calculation by Maxwell stresses method, as the solution is strongly affected by the air gap mesh
error,

Calculation of the flux linkage. Once the field solutions are obtained, the flux linkage may be
calculated mainly by two methods: the magnetic vector potential and the energy method. In a 2D
solution, the first method gives the flux linkage as results of [55]:

x=b
w=-NOJ

X=a

dixz it = N A, (a) - A, (b)) 3.1
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where N is the number of turns per phase, A; is the magnetic vector potential defined at the
coordinates (x=a and x=Db) shown in Fig. 3.1.

For acoil with uniform turns density, the mean flux linkage in terms of the vector potential is[39]:

N N
W=——0]A,(a)ex iz ——— Of A, (b) Celx [tz (3.2)
'AbO” l%ao” 'A‘:Oil A?oﬂ
where Acona‘b are the cross-sections of the conductors located at x=a,b.
B x=b
Xx=a T
A, b
A.(d)

Fig.3.1 Illustration of the magnetic circuit used to describe the flux linkage calculation by method of magnetic vector
potential.

The energy method considers that the magnetic energy is obtained by integration of the field
solution over the whole volume of the problem. In a2D solution thisintegral is reduced to a surface
integral.

1
W ==[B[H [dV 3.3
ZEI (3.3)

where W is the magnetic energy stored in the magnetic circuit, B and H are the flux density and
the field strength in the volume dV . In this chapter the method of magnetic vector potential is
used.

3.3 Two-dimensional Finite Element Analysis of the Shark
Switched Reluctance Motor

In this section, the question of whether 2D FEA may useful be used to model the Shark structure is
discussed initially. Then the FEM of CSRM and Shark SRM are described, and the CSRM is used
to highlight the differences between finite element models of axial and radial cross-section of the
motor. The detailes of the Shark SRM are discussed and solutions for generation of an economic
mesh are provided. A study of the error distribution in the air gap is used to assess the mesh of the
models.
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3.3.1 Why two dimensional Finite Element Analysis?

The choice between 2D and 3D FEA isthefirst decision to make when performing FEA. Whether
an electrical machine can be analysed in two-dimensions is decided based on the a priori knowledge
of the flux flow in the machine. Generally, a 3D flow existsin any electrical machine. It is caused
by (1) 3D end effect [57] or (2) by the particular geometry of the magnetic circuit (claw machine
[59], transverse flux machine [60], Shark machine [1]). In the first situation, the flux flow within
the machine is preponderant 2D. The third component of the field occurs only at the end of the
stack in the axial cross-section. According to [57] the 3D effects are: the anisotropy of the
laminations, the end winding flux and the fringing flux. The magnitude of the 3D effectsin an SRM
depends on the machine dimensions (short or long stack), on the rotor position (aligned,
intermediate or unaligned) and on the saturation level.

Inacylindrical air gap SRM, shown in Fig. 3.3 a), the flux flows in the lamination plane. Thisisthe
situation where a 2D FEA might be substituted for the 3D version.

When the 3D field is caused by geometries of the magnetic circuit, such that shownin Fig.3.3 b),
2D FEA can be seldom used without loosing significant information. Due to the modified air gap
geometry, the flux lines in the Shark SRM have an intrinsic 3D pattern.

. - axia/longitudinal
axia/longitudinal cross-section

Cross-section

radial cross-section
(lamination plane)

radial cross-section
(lamination plane)

a) Cylindrical air gap SRM b) Shark air gap SRM

Fig.3.3 lllustration of cylindrical air gap and Shark air gap SRM

Thefield lines follow paths such as these shown in Fig. 3.4. Inregion 2 (called Shark tooth), the
flux lines |eave the lamination plane (plane xy), which determined the 3D feature of the field. Thus,
a2D FEM of theradial cross-section (xy) of a Shark SRM will not account for the main flux
flowing in the machine. Attention is drawn to the axial/longitudinal cross-section (yz) because it
may be considered that the flux lines are more or less parallel to the axial cross-section (plane yz),
asdrawnin Fig.3.4

This means that the axial cross-section contains alone most of the information about the Shark
profile and it may be used to make a 2D FEM of the Shark SRM. The flux fringing in the radial
cross-section (Fig.3.3) is not accounted in the 2D axial model but the resulting data contain the
essential information about the magnetic field in the Shark configuration.
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Z 4 » regionl

/ ,,f’ region2
/ 2 (Shark tooth)

7

z

Fig.3.4 Expansion of region A from Fig. 3.3 and illustration of the flux linesin Shark SRM.

The drawback of using the 2D axial model is that only the aligned rotor position can be modelled.
For the unaligned rotor position, a partial model might be conceived and this will be discussed
further in this sub-section.

3.3.2 Model of the cylindrical air gap Switched Reluctance Motor

The finite element model of the CSRM is described in this sub-section. Initially, the geometric
model of the CSRM is described for both axial and radial cross-sections, then the results are
compared such as to highlight the properties of each of the considered models.

a) Geometric description of the two-dimensional models

The CSRM considered in this sub-section has the dimensions given in Appendix A.2 The FEM of
the axial and radial cross-sections, for both aligned and unaligned rotor position are illustrated in
Fig. 3.5and Fig. 3.6 (aligned position) and Fig. 3.7 and Fig. 3.8 (unaligned position).

The FEM of the radial cross-section considers the lamination plane. The air gap of the FEM
consists of four air gap layers so asto allow the mesh to dlide (see section 3.2). By solving this
model for various rotor positions, the flux linkage characteristics of the CSRM may be calcul ated.

The model of the axial cross-section, illustrated in Fig.3.6 and Fig.3.8 consists of lamination stack,
winding regions and air gap regions. This has the disadvantage that it does not include the region of
the back iron. In order to account for the missing region, the FEA model may be combined with
yoke reluctance, as shown in Fig. 3.6. Thisreluctance may be readily calculated analytically.

Furthermore, to allow the return of the flux lines, aregion of infinite permeability is created all
around the regions of cut AA’. The infinite permeability region extends far from the winding
regions such to keep the field lines unaffected by the boundary of the problem.
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|amination
I:Qyoke

infinite permeability

Fig. 3.6 2D FEM of axial cross-section A-A" of cylindrical SRM — aligned position

With some limitations, the 2D FEM of the axial cross-section of the unaligned rotor position might
be created in asimilar way as that of the aligned position. The limitations concern the geometry of
the radial cross-section of the motor (Fig. 3.7). If the distance between the stator pole face and the
rotor interpolar face is shorter than the distance between the corners of the stator and rotor poles,
the unaligned position might be described by 2D FEM of the axia cross-section. The only
difference between the FEM of the aligned and unaligned rotor position would be the length of the
air gap, as shown in Fig.3.7 and Fig. 3.8 However, thismodel cannot provide valuable data because
it accounts for only afraction of the flux linkage at the unaligned position.

If the previous condition is not satisfied, the axial 2D model cannot to be modelled at all.
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Fig. 3.7 2D FEM of radial cross-section of cylindrical air gap SRM — unaligned position

s J

lamination
stack winding
region

air
region

infinite permeability region

Fig.3.8 2D FEM of axia cross-section A-A" of cylindrical SRM — unaligned position

b) Results obtained for the cylindrical air gap Switched Reluctance Motor

The results obtained from FEA of the models described in Fig. 3.5, Fig. 3.6, Fig.3.7and Fig.3.8 are
presented in Fig.3.9 The flux linkage calculated from the radial model exceeds that obtained from

FEA of the axial model for both the aligned and unaligned rotor position.

For the flux linkage characteristic in the aligned rotor position this difference is explained by the

fringe flux (at low current) and by the reluctance of the yoke regions (at high current).
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Fig. 3.9 Flux linkage for the conventional SRM in aligned and unaligned rotor position. Results from FEA of the radial
and axial cross-sections

The magnetisation characteristic, corrected for the yoke region is very closed to that obtained from
the radial model, as shown in Fig. 3.9

The axial model of the unaligned position cannot be used to calculate the total flux linkage because
it accounts only for the flux lines that leave the face of the stator pole and enter the interpolar region
of the rotor pole. Hence, a big difference is obtained between the characteristics obtained from the
2D FEM of axial and theradial cross-sections. This means that the unaligned rotor position cannot
be analysed by 2D FEM of the axia cross-section.

Conclusion The aligned rotor position of the Shark SRM may be analysed by 2D FEM of the axial
cross-section of the motor, whilst the unaligned position cannot be analysed by 2D FEM. Therefore
in order to analyse the unaligned rotor position 3D FEA or an analytical model is required.

3.3.3 Model of the Shark Switched Reluctance Motor

In the preceding sub-section, the 2D FEM of the CSRM was discussed. Now, the FEM of the Shark
SRM is presented and discussed. As shown in sub-section 3.3.1, Shark SRM may be analysed by
using 2D FEM of the axial cross-section. The model is similar to that described for the CSRM. The
only differenceisthat the air gap is shaped with one of the Shark profilesillustrated in Fig. 3.10 In
this sub-section, only the saw-toothed and the square-wave air gaps are discussed, the trapezoidal
air gap SRM (Fig.3.10 ¢), which isageneralisation of the first two shapes, being detailed in
Appendix. B.5.
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The Shark profiles are defined by geometrical parameters such asangle 3, Shark tooth pitch, |4y,

height, hy, , and air gap length, g. The air gap length of the saw-toothed profile g, is defined as
the shortest distance across the air gap. The square-wave profile may be built having two different
air gap lengths g, asradial air gap and g, asaxia air gap, but they are considered equal
throughout thiswork. The sameisvalid for the trapezoidal profile.

| ¢w=const | sk=const
| s=const . g

3 i

Y

(07)

Bl N
=l, ., =

a) saw-toothed air gap b) square-wave air gap C) trapezoidal air gap
Fig. 3.10 Illustration of various shapes of Shark air gaps

a) Mesh generation

Compared to the 2D FEM of the CSRM, the FEM of the Shark SRM presents two special

problems. Oneisthat the Shark segment might be somewhat higher than it islong. This means that
when afine mesh iswanted in the air gap, afine mesh will be generated also in regions far from the
region of interest.

Another problem is that any Shark segment presents sharp corners
—that isin Fig.3.10 points 1 and 4 for the saw-toothed air gap and
points 2 and 3 for the square-wave air gap. This means that the
error of the finite element solution in the air gap regions
surrounding these corners [54] is greater than in the rest of the air
gap. Thiserror isstrongly linked to the size of the elements
surrounding the point and it is only weakly linked to the average
size of the elements over the whole problem [54]. To reduce this
error the mesh in the air gap and in the regions surrounding it,
must be fine, whilst that of the other regions may be coarse such as
Fig. 3.11 Illustration of the to keep down the total number of element and to save computation

Shark segment division time.

B

Thefirst problem may be solved if the Shark segment on the stator side is divided into two or more
regions and the Shark segment on the rotor side into two or more regions as shown in Fig. 3.11. In
this way, afine mesh may be generated in the Shark tooth and in the air gap, whilst a coarse mesh
may be defined in the regions far from the air gap —that isregionsb, cand din Fig. 3.11.

The second problem may be solved as shown in Fig. 3.12, by biasing the mesh of the air gap

towards the corners such as to reduce the size of the elementsin these regions. After several trials
(see recommendation from [54]), it was observed that the error in the few elements surrounding the
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vertices of the Shark teeth could not be reduced below a certain value. Therefore, it was concluded
that reducing the mesh size further in the whole air gap offers no benefit. It was more significant to
add new points around the vertices of the Shark tooth. In this way, the size of the elements around
corners may be controlled without a major increase in the total number of elements.

Fig. 3.12 Illustration of the mesh generated in saw-toothed air gap SRM

b) Error distribution

A correct analysisis determined by finite element models with small local error in the air gap
regions. Therefore, the error distribution in the air gap was checked for each of the studied profiles.
Data necessary for analysis were read at various locations across and along the air gap. These
locations are defined in Appendix B.1. The result was that the maximum local error was less that
5[%)] of the local flux density. The maximum error was read in elements surrounding the sharp
corners of the Shark profiles. Thisisillustrated by the distribution of the local error along saw-
toothed and square-wave Shark profile from Appendix B.2. The comparison of the average air gap
flux density obtained with and without accounting for the mesh error, shows that there are no
substantial differences (Appendix.B.2). Thus the model was considered satisfactory.

3.4 Analysis of the Shark air gap Switched Reluctance Motor

In this section, various Shark air gap SRM are analysed using the finite element solution obtained
from the discussed FEMs. The main dimensions of the analysed Shark SRM are given in Appendix
A.2. Theflux linkage of the aligned rotor position, the flux linkage gain and the air gap flux
density distribution are considered as variables of interest for thisanalysis. The datain the air gap
are read between points 1-4 in each of the four layers, shown in Appendix B.1. However, in this
section only the average values of the air gap flux density are used, the details of the air gap flux
density distribution in each of the air gap layer can be found in Appendix B.2.

Based on the described FEM, finite element solutions for different configurations of Shark profiles
were cal culated and used to study the dependence of the magnetic behaviour of the Shark SRM on
the dimensions of the Shark tooth. The FEA solutions are also compared with the data from chapter
2, and used to amend some of the results.

Three situations are studied in this section:
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1) variableangle £ (or height hy, ) at Shark tooth pitch, |4y, constant
2) variable tooth pitch, |4, at angle, [, constant
3) variableangle [ (or tooth pitch, |, ) at height of the Shark tooth, hg, , constant

3.4.1 Influenceof the height, hy, at length of the Shark tooth, |4, , constant

The influence of the angle 3 on the magnetic behaviour of the Shark SRM, having tooth pitch

constant is documented in this sub-section. The configurations to be studied areillustrated in Fig.
3.14. The lengths, I; and | have been defined in chapter 2 as being the length of one side of the
Shark tooth, and the active region on one side of the Shark tooth respectively. Points 1 and 4 from
Fig. 3.14a) and 1, 2, 3 and 4 from Fig. 3.14 b) are used to define the lines along which data from
FEA areread. A detailed illustration may be found in Appendix B.1.

______ O1

lt j‘ S Z3
' 3 4 o2
|e—>:
B i henk
1= —e> _i_
| =const .
a) saw-tooth b) square-wave tooth

Fig. 3.14 Shark teeth analysed

The field patterns of the two Shark air gaps are illustrated in Fig.3.15. These show that the flux
lines curve around the corners of the Shark profiles, and cross the air gap perpendicularly.
Therefore, the regions around the vertices of the Shark air gap are crossed by fewer flux lines than
therest of the air gap is. This confirms the prediction from chapter 2, where | was defined and
calculated for various Shark SRM showing that the effective length of the air gap region isless than
the ideal length of the Shark air gap region. This observation will be used later in this sub-section.

| rotor

v llli 7

a) saw tooth b) square-wave tooth

Fig. 3.15 Illustration of the field pattern in saw-toothed and square-wave air gap
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This analysis considers as evaluation indicators the flux linkage characteristics and the flux linkage
gain. Theair gap flux density distribution is used to support the explanations.

(a) Static flux linkage and flux linkage gain

The static flux linkage characteristics, calculated for saw-toothed and square-wave air gap SRM,
having constant tooth pitch and different angles £, are shown in Fig. 3.16 and Fig. 3.17.

From their analysis, it results that, at all current values, the Shark SRM with saw toothed air gap
(B#£0 in Fig. 3.16) produces more flux linkage than the CSRM (=0 in Fig. 3.16). Keeping the Shark
tooth pitch constant, more flux linkage may be obtained by increasing £ or the height of the Shark

tooth, asit may be seenin Fig. 3.14.
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0.8----- i ,,,,,,,,,,,,,,,, L g
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Fig. 3.16 Magnetisation characteristics for saw-toothed air gap SRM with constant tooth pitch, | ghk » and variable

angle ,8
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Fig. 3.17 Magnetisation characteristics for square-wave air gap SRM with tooth pitch, Ishk , constant and angle ,3 ,
variable
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In the case of the square-wave air gap SRM (B0 in Fig. 3.17) it can be observed that at low current
(e.g.i=0.5[A]) the Shark SRM produces more flux linkage than the corresponding CSRM ( 5=0in

Fig. 3.17). The flux linkage produced by any Shark SRM, having square-wave air gap, may be
improved by increasing the angle . On the other hand, at high current (e.g. i=3[A]) the flux

linkage of the CSRM exceeds the flux linkage of the Shark SRM. The magnetisation characteristics
of the SRM with square-wave air gap cross over the magnetisation characteristic of the CSRM and,
less flux linkage isinduced in the magnetic circuit by increasing (3.

The current value, at which the crossing between the characteristics of Shark SRM and the CSRM
occurs, decreases as [ increases. This may be explained by the influence of the saturation in the

Shark teeth.

From Fig. 3.16 and Fig. 3.17 it may be observed that the saw-toothed and the square-wave air gap
SRMs exhibit different magnetic behaviour, when the excitation conditions are identical. Two facts
may be noted:

O1: The difference between the two Shark air gaps consists in that the flux linkage characteristic of
the square-wave air gap SRM crosses over the characteristic of the CSRM, whilst the flux linkage
characteristic of the saw-toothed air gap SRM does not.

The improvement of the flux linkage is assessed by the flux linkage gain, which is calculated, at
any current, by the ratio of the flux linkage at 3 #0 to the flux linkage at 3 =0. The flux linkage

gainiscaculated for al the configurations studied and it is plotted for saw-toothed and square-
wave air gap in Fig. 3.18 and Fig. 3.19 respectively.

From these figuresiit results that the flux linkage gain decreases with the increase in excitation
current and that at low currents the flux linkage gain of the square-wave air gap SRM exceeds that
of the corresponding saw-toothed air gap SRM. These results conform to the predictions made in
chapter 2.

O2: It can also be observed that the flux linkage gain of the square-wave air gap falls quicker with
the increase in current, than the flux linkage gain of the saw-toothed air gap does.

The observations O1 and O2 are related and they may be explained by the field pattern in each
Shark configuration, illustrated in Fig. 3.15. Their examination shows that at a given current, the
iron material of the Shark tooth isworked at an increased flux density compared the rest of theiron
regions of the magnetic circuit. This means that more magnetomotive force (MMF) drops across
these regions and consequently the flux density in the air gap decreases. The field pattern in saw-
toothed and square-wave air gap with identical excitation, show that the regions with increased flux
density are located at the tip of the saw tooth, but at the root of the square-wave tooth. Their
different location is the only difference between the two shapes and therefore it may be claimed that
it causes the different behaviour of the two Shark SRMs. The flux density distribution in the air gap
may be used to explain the influence of these local saturation regions on the flux linkage value.

52



Chapter 3 Finite Element modeling of Shark Switched Reluctance Motor

15 ‘ i \

—+— B=10[deg]
1.4F--+--N - rom---- . A ERRaREEt ¢ B=20[deq]

[3=30[deg]
—— B=40[deq] | |
— 5 B=50[deq]

(L N T EEEEE S

i N G TEET T TS

i N

flux linkage gain, p.u. of CSRM flux linkage

0.9

current [A]

Fig. 3.18 Flux linkage gain calculated for saw-toothed air gap SRM

—— [3=10[deg]
—&— [3=20[deq]
[3=30[deq]
—— B=40[deq]
***** — = B=50[deq]

18 Y [ N B

16— NG

1.4+--- , ,,,,,,,,,,,,,,,,,,,,,,,

square wave air gap

1.2 N

flux linkage gain, p.u. of CSRM flux linkage

current [A]

Fig. 3.19 Flux linkage gain for square-wave air gap SRM

(b) Air gap flux density distribution

In this sub-section, the magnetisation characteristics are explained using the distribution of the air
gap flux density. The influence of the location of the regions with increased flux density isalso
discussed. The discussion considers the situations where low and high current is fed into the
windings of the SRMs.

At low current, the flux linkage values from Fig.3.16 and Fig. 3.17 are determined by both the air

gap flux density and the surface of the air gap crossed by the flux lines (proportional to the length
9@ defined in chapter2). To identify the influence of each of these two elements, on the flux
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linkage value, consider two Shark configurations, having identical tooth pitch and two different
angles, [3, givenin Table 3.1. Theratio of the corresponding flux linkages may be approximated

Y B@ | total 1)
= —y 0= (3.4)
‘/’(2) (2) total (2) .
9 23
flux densities air gap region
ratio lengthsratio

where indexes 1 and 2 refer to two different tooth pitches, (¢ isthe flux linkage, Bg isthe average

air gap flux density and |é°ta|

the flux lines (see chapter 2).

isthetotal length of the Shark teeth which is uniformly crossed by

Each factor from equation (3.4) may be calculated. From finite element solutions, the air gap flux
density distribution is obtained for any wanted Shark configuration asillustrated in Fig.3.20. The
flux density in the saw-toothed air gap drops around the vertices of the Shark profile (points 1 and
4), this drop being more significant at bigger angles . From these data, an equivalent flux density
corresponding to a uniform distributed field may be calculated. For the considered configurations,
the equivalent flux densitiesare given in Table 3.1.

The equivaent length of the two configurations may be determined using equation (2.18) from
chapter 2. The calculated values are given also in Table 3.1. It results that increasing the angle, 3,

it is obtained alonger equivalent lamination stack, but a smaller average air gap flux density.

Table 3.1 Calculated active length of the saw-toothed Shark profile and air gap flux density for 2 different Shark SRMs,
having tooth pitch constant, Ishk / 0 =1333

B 1@ 1mm) | By [T]
10 59 0.56
40 70 0.54

From these data, the flux linkage ratio of the two configurations may be calculated as shown in
equation (3.5)

¥ o5 59
~ 0 > =103M0.84=086 (3.5)

p? @54 70
flux density lengthratio
ratio

The result indicates that the configuration with smaller angle [ produces less flux linkage.

Extensive calculations indicated that this result may be generalised to any magnetic circuit having
saw-toothed air gap, assuming that the iron is not saturated.
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Combining al these data, it may be concluded that at low current, the flux linkage of a saw-toothed
air gap SRM isimproved due to the increase in the air gap area. The air gap flux density is smaller
in Shark configuration with bigger angle . This may be seen as an advantage if radial force or

noise production is considered.
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Fig. 3.20 Average flux density distribution in saw toothed and square wave air gap, at i=0.5[A].

The sguare wave tooth offers the advantage of alonger air gap region. The sum of lengths between
points 1-2 and 3-4 is equal to the Shark tooth pitch, |y . Asit may be seen from Fig. 3.20, the flux
density along these faces of the Shark air gap is only dlightly smaller than the flux density in the
CSRM (4 % point less). Thus, the improvement of the flux linkage of the square-wave air gap SRM
ismainly due to the contribution of the lateral sides of the Shark tooth (region between points 2 and
3and 4 and 1inFig. 3.20).

The square-wave air gap exhibits quite an opposite behaviour compared to that of the saw-toothed
air gap, because here the air gap flux density increases with increasing angle £ . This combined

with the increase in the air gap area makes that the flux linkage of the square-wave air gap exceeds
the flux linkage of the corresponding saw-toothed air gap.

At high current, the air gap flux density distribution is shown in Fig. 3.21 for both saw-toothed and
square-wave SRMs.
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Fig. 3.21 Average flux density distribution in saw toothed and square wave air gap, at i=3 [A]

In the saw-toothed air gap machine, the finite el ement solutions verify that the relationship between
the average air gap flux density in the CSRM, Bg(oo)’ and the average flux density in the Shark

SRM, Bg(ﬁ) , isgiven by equation (3.6).

9(,3) _
Co{ﬂ 180)

This relationship was verified for different saw-toothed air gap SRMs and the results are
summarised in Table 3.2. This, together with the fact that the ratio of the lengths of the air gap
regions of Shark SRM and CSRM is 1/cos( [3), explains why the flux linkage characteristic of the

saw air gap SRM (which is proportional to the air gap flux density and to the air gap area) does not
cross over the characteristic of the CSRM (Fig. 3.16).

(3.6)

Table 3.2 Illustration of the relationship between the flux density in the saw-toothed air gap, B 9() and that in the

corresponding cylindrical air gap, B g0’ Verification of equation (3.6)

B [deg] $=0 6=10 $=20 =30 $=40 =45
By(0%)-cosB [T] | 1.79 1.76 1.68 1.55 1.37 1.26
By [T] 1.79 1.74 1.68 155 1.38 1.27
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In the square-wave air gap SRM, the air gap flux density along the lateral sides of the air gap- that
is between points 2 and 3- drops as 3 isincreased (Fig. 3.21). Thisis because of the increased flux

density in the region of the root of the Shark tooth. The field patterns, illustrated in Fig. 3.22, show
that, at low current, the flux lines are uniformly distributed along the Shark tooth, except at the
regions of the vertices (see dso Fig.3.19).

At high currents there are more flux lines crossing the radial air gap, g:. Thisis because the
saturated regions located at the root of the Shark tooth causes the flux lines, which cross the axial
air gap, to see an equivalent air gap consisting of the mechanical air gap, g, and twice the height of

the saturated region. Simultaneously the flux lines crossing the radial air gap, g», see an equivalent
air gap consisting of mechanical air gap, g and only once the height of the saturated region.

Therefore, at high currents, the square-wave air gap SRM produces less flux linkage than the
CSRM does.

|
a) i=1[A]- low saturation |evel b) i=4 [A]- high saturation level

Fig. 3.22 Field patternsin a square-wave SRM at different current values (Ishk/g=13.34, ,3 =40 [deq])

(c) Amendment of the results of chapter 2

If the flux linkage gain, k™, calculated by finite element analysis for low current is compared with

the flux linkage gain, k"™, determined in chapter 2 (see Table 3.3), it may be noticed that for the
saw toothed air gap, the agreement between these two valuesis good at small valuesof (3. At

greater values of 3, the difference between the two values is greater. This difference increases
which increasing angle [ . For the square-wave air gap SRM, the flux linkage gain calculated by
the two methods shows disagreement at all 3.

Table 3.3 Differences between the linear and FEA results.

i=0.5[A] factor saw toothed air gap sguare-wave air gap
p=10 [deq] K 1.01 1.05
e 1.015 1.18
B=20 [deg] K™= 1.052 1.23
1neer 1.064 1.36
=30 [deg] KA 1.13 1.43
Kl 1.15 1.58
B=40 [deg] KA 1.25 1.65
1neer 1.3 1.84
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These differences are explained by that in chapter 2, the air gap flux density was assumed
uniformly distributed, and thisis not the case as it may be seen from the finite element solutions
shownin Fig. 3.15, Fig.3.20 and 3.21.

To verify this claim, the following considerations were made. The flux linkage of the Shark tooth
was estimated first using the real distribution obtained from FEA (Fig. 3.20). Then the flux linkage
of the Shark tooth was cal culated assuming uniform distribution of the air gap flux density. Their
ratio, ratio 1 is then compared with the ratio k™/k"™  determined with data from Table 3.1 and
caled ratio 2. Theresults are given in Table 3. 4 and they show a perfect match.

Table 3.4 Flux linkage gain ratio

ratio 1 ratio 2
=10 [deg], i=0.5[A] | 0.99 0.99
B=20 [deg], i=0.5[A] | 0.99 0.98
=30 [deg], i=0.5[A] | 0.98 0.97
B=40[deg], i=0.5[A] | 0.96 0.96

The differences for the square wave tooth are also due to the assumption of uniformly distributed
air gap flux density made in chapter 2. Because the reasons are similar to those presented for the
saw-toothed air gap, they are not discussed in this section.

(d) Summary

In this sub-section, it was shown that for a constant tooth pitch and variable angle, 5, the saw

toothed air gap produces, at all current values, more flux linkage than the CSRM. This
improvement is due to theincrease in air gap area. The flux density inthe air gap is lower thanin
the corresponding CSRM. This may be a benefit if the radial force or the noise is considered.

For identical geometrical conditions, the square-wave air gap produces, at low current, more flux
linkage than the CSRM (Fig. 3.16 and Fig. 3.17, Table 3.3). Increasing the excitation current, the
benefits of the square-wave air gap SRM are lost due to the local saturation of the regions of
increased flux density, located at the root of the square teeth (Fig. 3.16 and Fig. 3.17).

3.4.2 Influence of the Shark tooth pitch, Is, for constant angle, p

The influence of the Shark tooth pitch, on the behaviour of the Shark SRM is documented in this
sub-section. The structures to be studied areillustrated in Fig. 3.23.

The relation between the geometrical variablesis tan 8 = 2ha , Which means that for constant 3,
shk

achange in the tooth pitch causes a corresponding the change of the height of the Shark tooth. The
geometrical dimensionsin Fig. 3.23 have the same meaning as in the preceding sub-section and the
analysis follows the same method.
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Fig. 3.23 Shark teeth analysed

(a) Flux linkage characteristics and flux linkage gain

The flux linkage characteristics calculated using FEA for saw-toothed and square-wave air gap
SRM, having angle 3 constant, are shown in Fig. 3.24 and Fig. 3.26 respectively.
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Fig. 3.24 Magnetisation characteristics of saw-toothed air gap SRM with constant ,3 and variable tooth pitch.

From Fig.3.24, it may be observed that the flux linkage characteristics of any saw-toothed Shark
SRM, having | 4y / g bigger than 13.33, are almost identical. This can be seen better in the
corresponding flux linkage gain characteristics shown in Fig. 3.25.

The flux linkage curves of the Shark air gaps, having | 4y /g smaller than 13.33 (Fig. 3.24) are
distinct from each other as shown also by the corresponding flux linkage gain from Fig.3.25.

These observations indicate that for a constant angle, 53, thereis acritical tooth pitch, I, which

determines the transition between different behaviours of the saw-toothed air gap SRM. This
critical value may be determined from the condition that the active region of the air gap (le)
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represents 90% of the total length of the Shark tooth (l;). Thisis confirmed by the finite element
solutions calculated for different Shark configurations. For data corresponding to the magnetisation
characteristics from Fig. 3.24, thisisillustrated in Table 3.5.
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Fig. 3.25 Flux linkage gain calcul ated for saw-toothed air gap SRM

To obtain these results, equation (2.18), from chapter 2 was used. This equation describes the
relationship between | and |;. In [58], this equation was also used to set the geometrical limitations
of the analytical model of Shark SRM.

Table 3.5 Determination of the critical tooth pitch for a saw-toothed air gap SRM, having angle ,3 =40 [degre€]

lswdg [p4] 33.34 20 13.33 6.66 5 4

I, [%]* % %4 90 81 74 67

For the square-wave air gap SRM, the influence of the Shark tooth pitch is more obvious. Unlike
the saw toothed air gap SRM, the magnetisation characteristics of the square-wave air gap SRM are
distinct for any value of the Shark tooth pitch (Fig. 3.25). For tooth pitch longer than acritical
length, |, the flux linkage of the Shark SRM may be improved by reducing the tooth pitch.
Increasing the current, the magnetisation characteristics of the square-wave Shark SRM cross over
that of the CSRM and less flux linkage is produced by decreasing the tooth pitch.

For Shark tooth pitch shorter than the critical length, |, the flux linkage of the Shark SRM
decreases as the tooth pitch is reduced when low current is supplied to the excitation windings. This

is shown in Fig. 3.27 for |4, /g, of 13.33, 6.66 and 5. As the current is incrreased the

magnetisation characteristics of the Shark SRM cross over the characteristic of the CSRM.
However, the tendency observed at low current is now maintained for large currents — that is the

*|.is calculated by equation (2. 18), chapter 2
l; is calculated by equation (2.15), chapter 2
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flux linkage decreases as the tooth pitch decreases. The origin of this behaviour is, as shown for the
saw-toothed air gap, the extent of the overlap between the sides of stator and rotor Shark teeth. The
length, le, of the Shark teeth regions effectively used by the flux lines depends, at a specified angle,
on the length of the Shark pitch (equation 2.40, chapter 2).

l l l l l l ‘ -
0.8~ e e
T N S O o222 =

= 0.6}~ S S I - - -|square wave air gap -
= T peAolde)
[¢b] 0.5777777—\77/7/7 r--—-=-7"7 - T T T T T T T T T T T T T |
% [ | | | | 1 1
c 3 7 I I I I CSRM
c 04y~ 7y A i iy e _ .
; // , : : : : o lShk/g_3334
S /2 N T
02 A L SRR Lo ] oo- lgp/9=13.33
0.1 y | 1 : l S 'shi/ 9=6-66
Y e
0 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

current [A]

Fig. 3.26 Magnetisation characteristics of square-wave air gap SRM with constant ,B and variable tooth pitch.
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Fig. 3.27 Flux linkage gain calculated for square-wave air gap SRM

If length, le, is calculated and expressed in percent of the total length, I;, then the data of Table 3.6
are obtained. From these data and from the characteristics shown in Fig.3.26 and Fig.3.27, the ratio

| / g of 13.33 isidentified as critical value, for [5=40 [degree]. This corresponds 84 % of the
air gap areais effectively used by the flux lines.
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Table 3.6 Determination of the critical tooth pitch for a square-wave air gap SRM, having ,8 constant

lsudg [p.U] 33.34 20 13.33 11 6.66 5

|/l [%]° 93 89 84 80 67 56

(b) Flux density distribution

The distribution of the air gap flux density provides the background for this discussion. In both the
saw toothed and the square-wave air gap, the air gap flux density dropsin the vicinity of the corners
—that is points 1 and 4 in saw toothed air gap and points 2 and 3 in square-wave air gap in Fig. 3.28.
It can be observed that the extent of these regions is bigger at smaller Shark tooth pitch, which
means that the area of the air gap crossed effectively by the flux lines is reduced by applying a
shorter tooth pitch. The influence of the Shark tooth pitch at constant [ is more significant in the

square-wave air gap SRM than it isin the saw-toothed SRM. This can be seenin Fig. 3.28.
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Fig. 3.28 Average flux linkage distribution in saw-toothed and square wave air gap, at i=0.5 [A]

At high current, the discussion of sub-section 3.4.1 is valid for the saw-toothed air gap. This
discussion is supported by the field patterns shown in Fig. 3.22 at low and high current for the
sguare-wave air gap. In the case of the square-wave air gap SRM, the flux density along the lateral
face of the tooth is smaller for a shorter tooth pitch (Fig. 3.29). Thisis explained by that thereisless
material in the Shark teeth of the Shark SRM with shorter tooth pitch. Therefore, the iron will carry

®|.is calculated by equation (2.43) , chapter 2
l; is calculated by equation (2.40), chapter 2
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a higher flux density than the rest of the iron regions and the saturation region will be located at the
root of the tooth. The reduced permeability of the iron in these regions causes the equivalent air gap
seen by the flux linesis equal to the mechanical air gap, g, plus twice the saturation regions of the

root of the tooth.
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Fig. 3.29 Average flux linkage distribution in saw-toothed and square-wave air gap, at i=3 [A]

3.4.3 Influence of the Shark tooth pitch, l¢ at height of the Shark tooth, for constant hg.

The influence of the Shark tooth pitch on the magnetic behaviour of the Shark SRM isdiscussed in
this sub-section. The Shark configurations to be discussed are illustrated in Fig. 3.30. The height of

the Shark tooth, hg, , is held constant whilst the Shark tooth pitch, |y isvaried.

o

a) saw tooth b) square-wave tooth
Fig. 3.30 Analysed Shark air gaps

Finite element solutions were obtained for different combinations of height and Shark tooth pitch,
for both the saw toothed and the square-wave air gap SRM. From these, only one (hsw/hpo =0.23) is
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considered as example here. The analysis considers the flux linkage characteristics, the flux linkage
gain and the air gap flux density.

(a) Static flux linkage and flux linkage gain

In Fig. 3.31 and Fig.3.32, the flux linkage characteristics are shown for saw toothed air gap and
square-wave air gap respectively. Theresults revea that at any current value, the saw toothed air
gap SRM produces more flux linkage than the CSRM and that more flux linkage is produced by
reducing the Shark tooth pitch.
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Fig. 3.31 Magnetisation characteristics of saw-toothed air gap SRM, having tooth height constant

The magnetisation characteristics of the square-wave air gap, shown in Fig. 3.32, indicate that at
low current, more flux linkage is produced in the Shark SRM with square-wave air gap than in the
corresponding CSRM. The Shark characteristics cross over that of the CSRM and, at high current,
the square-wave air gap SRM produces less flux linkage than the CSRM.
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Fig. 3.32 Magnetisation characteristics of square-wave air gap SRM, at constant tooth height

The flux linkage gain is a measure of the performance improvement determined by the Shark air
gap. The flux linkage gains of saw-toothed and square-wave air gaps are represented in Fig.3.33
and Fig. 3.34 respectively.
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Fig.3.33 Flux linkage gain calculated for the saw-toothed air gap SRM, at constant tooth height

From these figures, it appears that the flux linkage gain falls as the current increases. At low
current, the flux linkage gain of asquare-wave air gap is bigger than that of a corresponding saw-
toothed air gap.
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Fig.3.34 Flux linkage gain calculated for the square-wave air gap SRM, having tooth height constant

(b) Air gap flux density distribution

The air gap flux density distribution is shown in Fig. 3.35 and Fig. 3.36 for the saw-toothed and
square-wave air gaps at low and high current.

At low current, it may be observed that the air gap flux density is smaller in configurations with
shorter tooth pitch. However, the flux linkage of the Shark SRM with short tooth pitch is better than
that of the Shark SRM with along tooth pitch.

As in the preceding section, the explanation is found in the fact that among the factors, which
determine the flux linkage, it is the area of the air gap region, which is proportional to the
equivalent length of the Shark stack and is mainly affected by the Shark profile. This is explained
by the following considerations.

For the saw-toothed air gap SRM, equation 2.18 from chapter 2 may be expressed as function of the
height, hy, , and Shark tooth pitch, Iy :

Iéota] :lelak { ”Shkz + hSh|(2 - g xth;sjkj (37)
shk

IShk

where | 2@

SRM.

isthe total length of the active air gap region, and | . isthe stack length of the Shark

This expression shows that the length of the air gap region effectively crossed by the flux lines (of a
configuration with constant height) increases as the Shark tooth pitch decreases.
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The same tendency may be identified for the square-wave air gap if equation 2.42 iswritten in
terms of Shark height, hg, , and tooth pitch, |4, :

I(teotal =l g [El"' 2|Eh5hkj—4EgE,St—k 38)

shk Ishk

The average flux densities used in calculations are those shown in Fig.3.35. Theresultsare givenin
Table 3.7.

Table 3.7 Calculated active air gap length and air gap flux density for 2 different Shark SRMs, having hg, constant

Shark tooth pitch, l¢w/g saw-toothed air gap | square-wave air gap
50 | total [mm] 65.1 83.2
e
13.33 105.2 147.2
50 B g [T] 0.56 0.53
13.33 0.51 0.41
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Fig. 3.35 Average flux linkage distribution in saw toothed and square wave air gap, at i=0.5 [A]

With these data the ratio of the flux linkage produced by the two configurations may be
approximated by equation (3.4), which becomes:

» saw toothed air gap:
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pY 056 651
= 0222 —109.62=0.68 (3.9)

p@ @51 ig2
flux density |ength ratio
ratio

e square-wave air gap

w(l)
Ol 0.53 H 83.2 =1.29[0.56=0.71 (3.10)
W @41 14R2
flux density |ength ratio
ratio

At low current, the flux density ratio of the two configurations is more than unity while that of the
equivalent length of the active region is less than unity and the resulting ratio of the flux linkagesis
less than unity. Thisindicates that the resulting flux linkage is determined in a bigger part by the

increase in the length of the active region, Iémal .
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i=3 [A]

air gap flux density [T]
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Fig. 3.36 Average flux linkage distribution in saw toothed and square wave air gap, at i=3 [A]

At high current, the discussion from sub-section 3.4.1 isvalid for the saw toothed air gap. In the
case of the square-wave air gap SRM, the flux density along the lateral face of the tooth is smaller
in a configuration with a shorter tooth pitch (Fig. 3.29). Thisis explained by that thereisless
material in the Shark teeth of a Shark SRM with shorter tooth pitch. Therefore, their iron material
will have ahigher flux density than the rest of the iron regions and the saturation region is located
at the root of the tooth. The reduced permeability of the iron in these regions makes that the
equivalent air gap seen by flux linesis equal to the mechanical air gap plus twice the saturation
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regions at the root of the tooth. This discussion is supported by the field patterns shown in Fig. 3.22
at low and high current for a specified configuration of the air gap.

3.5 Selection of the optimum Shark air gap

The analysis of various Shark profiles has underlined that the shape of the Shark tooth plays an
important role in the magnetic performance of the Shark SRM. Therefore, one of the objectives of
this chapter isto identify the shape of Shark tooth producing the best magnetic performance.
Another objective is to determine the optimum dimensions of the selected Shark profile to be
implemented in a demonstration machine.

To fulfil these objectives, the following evaluation criteria are used: the magnetisation
characteristics of various Shark profiles, and the energy gain at different excitation currents. The
energy gain is defined as the ratio of the co-energy change between unaligned and aligned rotor
positions of the Shark SRM to that of the corresponding CSRM. Thisratio is used because it
reflects the improvement of the torque capability of a Shark SRM.

() Flux linkage characteristics

The flux linkage characteristics of a saw-toothed and a square-wave air gap SRM are plotted in Fig.
3.37. Analysing this picture, three regions may be discerned.

Region R1 —isthe region characterised by the linearity of the magnetic properties of theiron. In
this region, the magnetic circuit of the square-wave air gap SRM produces more flux linkage than
both the saw-toothed air gap SRM and the CSRM. Their flux linkage values are as follows:

Lpsquare > LPS&W > LIJCSQM (311)

In this region, the FEA revealed that the conversion area has the main influence on the magnetic
performance (see the discussions from section 3.4).

Region R2 isthat region of the magnetisation characteristics, where the iron of the Shark teeth
begins to exhibit increased reluctance. Because the flux is compressed in the narrower sections of
the Shark teeth, the flux density in these regionsis higher. At this higher flux density, a significant
proportion of the source mmf isused in driving the flux through iron. Therefore, the flux density in
the air gap will be smaller and the flux linkage gain beginsto decrease.

The square-wave profileis the most sensitive to increased flux density because the iron sectionsin
its teeth are narrower than those in the saw-toothed air gap SRM. It was shown in section 3.4.1 that
the shape of the Shark tooth makes that the saturation regions occursin different locations —that is
at the tip of the Shark tooth in the saw tooth and at the root of the square-wave tooth. Therefore, the
magnetisation characteristic of the square-wave air gap SRM crosses over that of the saw-toothed
air gap SRM. The flux linkage values in this zone become ranked as follows:

LIJS&W > wsquare > LPCS?M (3.12)
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Region R3 isthat region of the magnetisation characteristic, where the flux linkage characteristic of
the square-wave toothed air gap crosses over and becomes | ess than the magnetisation characteristic
of the CSRM. The values of the flux linkage are now ranked as follows:

WYsaw > Ycsrv > Wsquare (313
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Fig. 3.37 Magnetization curves of various Shark profiles having angle [, constant.

The magnetisation characteristics of the aligned rotor position, shown in Fig.3.37, indicate that the
relative performances of the considered Shark profiles depend upon current value. Based on these
characteristics, it may be concluded that the Shark profile that may be effective at working points
characterised by non-saturated iron may not be as effective assuming working conditions when iron
IS saturated.

Asinthe SRM, saturation plays an important role, it may be concluded that the saw-toothed air gap
is preferred to the square-wave air gap. However, the flux linkage characteristic cannot be used
alone in selection of the optimum Shark profile. Therefore the energy ratio was defined and used in
the present evaluation.

(b) Energy ratio

The second criterion for selection is the change of co-energy during asingle stroke. The
determination of this variable requires also the magnetisation curves of the Shark SRM in the
unaligned rotor position (chapter 2). In section 3.2, it was shown that isimpossible to make a 2D
FEM of the axial cross-section of the Shark SRM in the unaligned rotor position. Therefore, the
unaligned magnetisation curves of the Shark SRM were assumed to be identical to that of the
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CSRM. Thisdecision is not far from the real situation, where only a dight increase of the unaligned
flux linkage of the Shark SRM is expected. This matter will be addressed in chapters 4 and 5.

The co-energy change through a single stoke is an indicator of the torque capability of the motor.
Therefore the ratio of the co-energy change (called energy gain) is calculated and plotted in Fig.
3.38. These result reveal that the energy gain depends on the current level, saturation and the shape
of the Shark teeth:

At all current levels, the energy gain increases with the increasein p.

For each current value, and tooth pitch, thereis acritical angle B, where the energy gain of the
square-wave air gap SRM becomes smaller than that of the saw-toothed air gap SRM. This suggests
that the selection of the optimum shape and its dimensions has to be made a function of the current
value.
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energy gain

Fig. 3.38 Energy gain at different § and tooth pitch, |4, constant

(c) Selection of the Shark configuration to be implemented in a demonstration machine
Selection of the shape of the Shark profile

Based on the flux linkage characteristic (Fig. 3.37) it may be considered that for a maximum
current, | =3 [A], the saw-toothed air gap SRM may provide better performances than the square-
wave air gap SRM. Thisis because in the aligned rotor position, its flux linkage does not become
smaller than that of the CSRM.

Selection of the dimensions of the Shark profile

I
In section 3.4.2 it was shown that the optimum length of the saw-toothed profilesis -% =13.33
g

(Fig. 3.24).
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The optimum angle (3 of the profile may be determined based on the energy gain curves calculated
I
for Shark air gaps having - = 13.33 and presented in Fig. 3.38. It results that a saw-toothed air

gap having big angle 5 may produce more torque than the corresponding cylindrical air gap.

However, the value of the angle [ islimited by manufacturing considerations such astime,

number and difficulty of the operations. Therefore the final configuration was selected to be a saw
profilewith =45 [deg] and atooth pitch |4, =13.33[0.3 C 4 mm]. This means that there will
be 15 Shark teeth, to be accommodated along the 60 [mm] long lamination stack.

3.5Summary and Conclusions

In this chapter, various air gap shapes (saw, square, trapezoid) were analysed using FEA. The
decision to use 2D FEA was motivated by the fact that the axial cross-section of the Shark SRM
carries the main information about the magnetic field improvement in a Shark structure.

The analysisindicated that the magnetic behaviour of the various Shark profiles differs according
the shape and dimensions. The main conclusions that may be drawn from the calculated
magnetisation characteristics are that:

» the saw-toothed air gap SRM produces more flux linkage than the CSRM at any value of
the excitation current,

* the sguare-wave air gap SRM produces more flux linkage than the CSRM and than the saw-
toothed air gap SRM at low current,

* thesquare-wave air gap SRM produces less flux linkage than the CSRM at high current,

» the Shark SRM with trapezoidal teeth is the generalisation of the saw-toothed and square-
wave geometries. |ts magnetisation characteristic has values between the characteristics of
the saw and square wave air gap SRM (Appendix B.5). Its shape is affected by the value of
the parameter |, , which defines the geometry of the Shark tooth. For o, /14y =0.5, the

trapezoid tooth takes the shape of the square-wave tooth, whilst for |y, /14y =0, it hasthe
shape of the saw tooth.

The flux linkage gain produced by the Shark air gap has different values according to the shape of
the Shark tooth and to its specific dimensions. Some observations have been made:

» theflux linkage gain calculated by FEA, for the linear region of the magnetisation
characteristic, differs from the value determined by analytical method. The differenceis
caused by that, in the analytical method a uniform distribution of the air gap flux density
was assumed and thisis not the case in the Shark structures

» theflux linkage gain calculated at high current has different values depending on the Shark
geometry (this was explained by the different location of the saturation regions in the Shark
tooth):
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o0 inthe saw toothed geometry, the flux linkage gain approaches unity at high
saturation

0 inthe square wave geometry, the flux linkage gain becomes less than unity at high
saturation

In this chapter, the flux density in the air gap was analysed for various conditions such as. constant
tooth pitch, constant height of the Shark tooth, constant angle £ while the other parameters were

varied. The results shown that the region of local increased flux density has different locations:

» atthetip of the Shark tooth in the saw profile
» attheroot of the Shark tooth in the square wave profile

The analysis revealed also the possibilities to improve the performance of the Shark structure.
These possibilities are summarised in Table 3.8.

Table 3.8 Possibilities to improve the magnetisation characteristic of various Shark profiles

Saw toothed profile sguare wave profile trapezoidal profile
Ishk = const 1 hShkor ) ﬂ ) hshkor 1 ,8 ) hshkor ) ﬂ
/3 = const Vg Vg L lgye
hgy = const Llggot B Ulggort B Llggort B

For Shark teeth having tooth pitch constant:

« saw profile: flux linkage increases as the height of the tooth increases
» sguarewave profile: at low current the flux linkage increases with the increase in height
but at high current the flux linkage decreases as the height of the tooth increases

For Shark teeth having | 4, / g, =constant:

» saw profile: theflux linkageis, at all current values, bigger than that of the CSRM as long
asthe active region of the air gap is not smaller than 90% of the total air gap area.

» squarewave profile: The flux linkage, at low current, increases by increasing the tooth
pitch, as long as the active region of the air gap is not smaller than 85% of the total air gap
area.

For the condition hg, =constant:

» saw profile: the flux linkage increases as the length, l4x, increases
» squarewave profile: at low current the flux linkage increases with the decrease of the
length, I4«. At high current the flux linkage decreases as the length, |4, decreases.

The optimum Shark configuration was selected to be a saw profile with [ =45 [deg] and atooth
pitch lgy =13.33[0.3C 4 mm].
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Chapter 4

Analytical modelling of the Shark Switched
Reluctance Motor

The Shark structure obtained by redistributing the iron material, requires an optimisation procedure,
to ensure that the maximum benefit is obtained from the resulting machine. In the previous chapter,
FEA was used to seek the optimum Shark configuration. However, this method proved to be time
consuming. If the results are to be obtained more quickly, an analytical or a combined analytical-
numerical model has to be developed, which is quicker in operation.

Several analytical models of the Shark structure were studied during this project. However, only the
most convenient and reliable model is analysed and validated by using data from FEA and only one
configuration will be verified by using data from measurements on the demonstration machine.

In this chapter, the definition of the objectives is followed by a brief summary of the anaytical
methods previously used to model cylindrical air gap SRMs. Then, the proposed analytical models
of the Shark SRM in aligned and unaligned rotor positions are described, and their limitations and
verification are discussed. The influence of the available winding area on the ideal energy
conversion loop is also discussed. Subsequently, the forces produced in the machine are studied.
Attention is focused on axial and radial forces, as these two may have a detrimental impact on the
machine. They may produce vibration of the parts of the machine, leading to malfunction or
eventual failure. Summary and conclusions end this chapter.

4.1 Motivation and Objective

Most of the effort put into the development of analytical models of cylindrical air gap Switched
Reluctance Motors (CSRM) are motivated by the need to obtain the wanted results more quickly.
Various analytical models, describing the static and dynamic performance of the cylindrical air gap
SRM, may be found in the literature [40], [66], [67], [68], [69], [70], [71], [72]. However, no
analytical model of the Shark air gap SRM has yet been proposed. Probably, the increased difficulty
of assembly, consequent upon the Shark structure, has been perceived as an impediment to its
promotion. Advances in manufacturing technology may open new possibilities for application of
Shark structures. Therefore, it was considered that developing an analytical model of Shark air gap
SRM that is quick and easily applied might help the understanding and the promotion of this
concept.

Generally, the difficulties of making an analytical model of the CSRM are caused by two factors.
One factor is that, in the aligned rotor position, the non-linear magnetic properties of the iron
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material are pronounced. The non-linear character of the magnetic material is emphasised in the
Shark SRM by the shape of the Shark teeth. The second factor is that in the unaligned rotor
position, although the iron paths do not exhibit saturation, the calculations are complicated as the
field lines cannot be exactly described by simple mathematical expressions [67], [68]. Furthermore,
their mathematical description might vary for different SRM configurations [67].

Analytical models of CSRM has been long discussed and several models have been proposed and
verified [40], [62], [63], [64], [65], [66], [67], [68]. Therefore, it is not in the scope of this work to
propose a new model of the magnetisation characteristics of a cylindrical air gap SRM. The scope
of this chapter isrestricted to propose a method that describes the flux linkage of the Shark SRM by
extending existing models of CSRM. This means that the Shark air gap must be described
mathematically so asto match the existing models.

In chapter 3, it was shown that, in the aligned rotor position, the saturation problem is exacerbated
by the geometry of the Shark teeth, which add new regions of local saturation. Therefore, the
development of an analytical model of the Shark SRM must focus on the consideration of these
regions, located at the tip of the saw-toothed profile or at the root of the square wave profile. In this
chapter, only the model of the saw-toothed air gap is presented, as the model of square-wave air gap
SRM issimilar.

Based on these considerations the objectives of this study may be defined as:

* Todevelop and validate an analytical model of the Shark SRM in the aligned rotor
position

e Todevelop and validate an analytical model of the Shark SRM in the unaligned rotor
position

* To anayse and optimise the structure of the Shark SRM and to compare the results with
those provided by FEA from chapter 3

Due to the specia shape of the air gap, the force produced in the Shark SRM has different
components compared to those produced in CSRM. It is believed and it will be demonstrated, that
at saturation the radial force component is smaller in the Shark structure than it isin the CSRM; this
IS seen as an advantage from vibration and noise production considerations. However, this reduction
is obtained by producing an axial component of force, which may cause malfunctioning of the
machine. Therefore,

* To caculate and to analyse the influence of the Shark teeth dimensions on the forces
produced in the Shark SRM s of interest.

* Requirements of the simulation models

The requirements of the ssmulation model of the Shark SRM must be formulated precisely to ensure
that the outcome of the modelling processis useful to the design and optimisation of any Shark air
gap SRM. In the formulation of the objective, it is required that two models should be devel oped:
one of the aligned rotor position of the Shark SRM and one of the unaligned rotor position of the
Shark SRM, the characteristics at intermediate rotor positions being derived from these two. The
overall requirements of these two models are listed below:

76



Chapter 4 Analytical modelling of the Shark Switched Reluctance Motor

» To provide the flux linkage characteristic as output variable
» To make use of the models already established for cylindrical air gap SRM
» Toaccount for the influence of the Shark air gap in non-saturating and saturating conditions.

4.2 Analytical calculation -overview

In this section, an overview of the methods previously used in literature to estimate analytically the
characteristics of the SRM is presented. Different approaches have been reported but most of them
consider the method of the Magnetic Equivalent Circuit (MEC) [25], [63], [66], [67], [68]. Attempts
to use exponential functions to account for the magnetic saturation of the iron paths are aso
reported [62], [71].

The model proposed in [62] is actually a combination of MEC and analytical functions. The flux
linkage in the aligned position is determined by using only two points of the magnetisation
characteristic (at the knee point and at the maximum current of the flux linkage characteristic),
whose coordinates are determined from the MEC. The magnetisation characteristics are then
obtained by piecewise first- and second order functions for linear and saturation regions. The
magnetisation curves at intermediate rotor positions are obtained by considering that the SRM
behaves amost linearly with respect to the rotor position over a substantial range of rotor angles,
[69], [70].

A similar representation is used in [65] where the concept of gage curve is aso considered for an
ultra-fast analytical model of the SRM. The authors claim that the proposed model is the simplest
model that accounts for both bulk and local saturation.

Consideration of local saturation in intermediate rotor positions in modelling of the flux linkage
curvesisreported in [63]. In this approach the MEC is updated at each rotor position accounting for
local saturation in the approaching stator and rotor poles.

The unaligned rotor position raises difficulties in calculations, even though the magnetic circuit is
not saturated. The field lines cannot be described by simple mathematical expressions. Moreover, it
is difficult to concelve a model whose validity applies to a large range of SRM. An example is
given in references [67] and [68]. While both models are developed based on simple geometrical
characterisation of the field lines in the air gap of the machine, the applicability of the model
proposed in [67] does not extend to single and two phase SRM, where the model proposed in [64] is
suitable. There are also other alternatives for unaligned inductance calculation as is the method
presented in [64] or the FEA, where the dual energy method proves to be very accurate [62].

4.3 Magnetisation characteristic of the Shark Switched
Reluctance Motor in the aligned rotor position

In this section, analytical modelling of the magnetisation characteristics of the Shark SRM in the
aligned rotor position is discussed. Two approaches such as the use of the Langevin function or the
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use of the MEC were tried. The approach using the Langevin function is based on a purely
mathematical description of the magnetisation curves and it uses initialy a curve- fitting algorithm,
which requires a data table compiled for a large dimensional range of Shark profiles. All data may
be obtained from FEA.

The second approach uses a magnetic equivalent circuit (MEC) of the motor. The purpose is to
transform the Shark SRM into an equivalent conventional SRM, having similar magnetic
behaviour, i.e. identical flux linkage assuming identical excitation, then solve the MEC of this
equivalent motor.

Because the use of MEC proved to be ssmple and reliable, this approach is the only presented in this
section. However, the method using the Langevin function is described in Appendix C.1.

In this section, the assumptions are initially specified; subsequently the proposed model is
described, verified and its limitations are discussed. To verify the model, various configurations of
SRMs were considered — that is different numbers of stator and rotor poles and different pole arcs.
The magnetisation characteristics, calculated for Shark air gaps, having different dimensions, are
compared to those resulting from FEA. For one configuration of CSRM and Shark SRM, the model
is also checked by using the data from measurement on a demonstration machine.

4.3.1 Equivalent cylindrical air gap Switched Reluctance Motor approach

In acknowledgement of the need to meet researchers who have developed analytica models of
cylindrical air gap SRM, Dr. Corda, from University of Leeds, UK, was contacted. This resulted in
a three months stay at University of Leeds, where a complete model of the Shark SRM in aligned
and unaligned rotor positions was developed [61].

This proposed simulation model is introduced here by specifying first the methodology. Then two
modelling possibilities are discussed and the basic dimensions of the demonstrator model were
calculated. Subsequently, the elements of the MEC are expressed as a function of the dimensions of
the Shark profile. The design constraints are established by referring to the results provided by FEA
and discussed previously in section 3.4.2. Findly, the proposed anaytical model is verified by
comparing its results to those provided by FEA or measurement, where available.

(a) Methodology

The idea of this approach is to simulate the magnetisation characteristics of the Shark SRM in
aligned rotor position by determining an equivalent cylindrical air gap SRM, having identical flux
linkage characteristic. This approach makes it possible to use existing knowledge of modelling
cylindrical air gap SRMs allowing attention to be focused on modelling the Shark configuration.
The stepsinvolved in the development of the simulation model are as follows:

* ldentify the most appropriate approach of calculating the equivalent CSRM

» Cadculate the main dimensions of the CSRM equivalent to the Shark SRM
» Specify the design constraints
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* Present, discuss and verify the results

(b) Selection of the modelling approach for determining the CSRM,
equivalent to a specified Shark SRM

A Shark SRM having saw-toothed air gap, whose magnetisation characteristic will be modelled, is
illustrated in Fig.4.1. To calculate the wanted characteristic, this structure will be transformed into a
cylindrical air gap SRM, producing identical flux linkage. Thus, the flux linkage of the Shark SRM
may be calculated by using existing simulation models of the flux linkage produced by the
equivalent CSRM. The equivalent CSRM s illustrated in Fig.4.2. The dimensions affected by the
presence of the Shark profiles are the equivalent air gap length, g', and the equivalent stack length,

|4 - Additional details of the Shark air gap are illustrated in Fig.4.3. It should be noted that the

diameter at the bottom of the rotor Shark tooth is equal to the rotor diameter, D,;. This is an

important observation because the area of the air-gap. Region is directly proportiona to this
diameter.
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Fig.4.1 Shark SRM, having saw-toothed air gap. Fig.4.2 CSRM, equivalent to the Shark SRM from Fig.

4.1.
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Fig.4.3 lllustration of the Shark air gap

To determine the main dimensions of the equivalent CSRM, two conditions are used. These
conditions are defined such as to ensure that the behaviour of the two structures is identical in non-
saturated and saturated conditions. These conditions are:

* Condition 1, which demands that the air gap reluctances in the Shark SRM and in the
equivalent CSRM areidentical
» Condition 2, which demands that the iron reluctances in the Shark SRM and in the
equivalent CSRM are identical.
In the following paragraphs each of the conditions mentioned above is discussed.

Condition 1

Assuming no fringing and uniform distribution of the field in the air gap, the reluctance, U g, of the
air gap region of the Shark SRM (Fig.4.1 and Fig.4.3) isgiven by [53]:

N g = 9 | = gl[ COS’S ) (4.1)
Lo [@fde BS‘—"@J fo Y gL
14442 4P 62
el

where g is the air gap length (the shortest distance across the air gap), I is the length of the
lamination stack, A3 is the angle which define the shape of the Shark profile and | pole ISthe width
of the pole asillustrated in Fig.4.1.

Equation (4.1), suggests that there are two possibilities to determine a cylindrical air gap SRM,
which behaves similarly to a specified Shark SRM. These two models are called model a and b and
are obtained as described below.

Model a may be determined from the term el of equation (4.1). The equivalent SRM is thus a
cylindrical air gap SRM, having the air gap length equal to the air gap length of the Shark

SRM, g, and the equivalent stack length, Ilstk, given by:
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I' = IStk
. cosf

(4.2)

where |y, isthe rea stack length of the Shark SRM and B is the angle which define
the shape of the Shark profile

Model b may be determined from the term e2 of equation (4.1). The equivalent SRM becomes in
this case, a cylindrical air gap SRM, having the stack length, equal to the stack length of

the Shark SRM, |4, but a shorter equivalent air gap length, g' , given by:

g =gtosp (4.3)

where g isthereal air gap length of the Shark SRM and [ is the angle that defines the
shape of the Shark profile.

These two models indicate that the Shark SRM may be regarded as equivalent to a cylindrical air
gap SRM, having alonger stack length, given by equation (4.2), and the same air gap length as the
Shark SRM or dternatively to a cylindrical air gap SRM, having a shorter air gap length, given by
equation (4.3), and the same stack length as the Shark SRM.

However, the two models would behave differently in saturated conditions. The different
behaviours are determined by the way they account for the presence of the Shark profile. To
evaluate them and to select the model that best conforms to the physical phenomena, the flux
density distribution along the axial cross-section of the machine might be relevant.

In chapter 3, it was showed that in the aligned rotor position of a saw-toothed Shark SRM, the iron
regions located at the tip of the Shark teeth are worked at a higher flux density than the flux density
in the rest of the magnetic circuit. Based on this observation, the saturation regions in both the
CSRM and the Shark SRM are sketched in Fig.4.4 and Fig.4.5. It may be observed that the
magnetic circuit of the Shark SRM may be divided into two regions. one with bulk saturation and
the other with local saturation. Only region of local saturation is affected by the presence of the
Shark teeth.

bulk saturation %
bulk saturation

local saturation

_hbulk saturation % _bulk saturation %

Fig.4.4 Bulk saturation regionsin CSRM

Fig.4.5 Bulk and local saturation regionsin Shark SRM
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Considering an equivalent cylindrical SRM with the dimensions modified according to model a (g

and | 'gk ), appropriate results would be provided at low currents (no saturation of the iron material),
where the drop of MMF may be considered as being entirely across the air gap. At high current
(where the iron material becomes saturated), the flux linkage estimated by applying model a would
be greater than that in the real Shark machine. This is because alonger stack, according to equation
(4.2), is assigned to the regions of bulk saturation of the stator and rotor poles and yoke regions as
well. Unfortunately, this is not conforming to the physical structure, where only the regions
neighbouring the air gap are affected by the Shark teeth. Thus, it may be concluded that the
magnetisation characteristics of the Shark SRM cannot be modelled by using model a.

In model b (g' and |, ), the stack length of the equivalent machine is equal to the stack length of

the real Shark machine. This fulfils the considerations regarding the length of the regions of bulk
saturation. The effect of the Shark profile on the air gap region is considered in this model by the

means of the air gap length, g', calculated by equation (4.3).

To ensure that the equivalent CSRM provides identical flux linkage also in saturating condition, an
additional condition will be formulated below.

Condition 2

The second condition ensures that the iron regions of the magnetic circuit have identical
reluctances. This is important when the iron material is worked at increased flux density and
saturation.

According to Condition 1, model b considers the rotor diameter at the crown of the poles of the
equivalent SRM to be equal to the rotor diameter at the crown of the poles in the reference machine
D,1, as it is showed in Fig.4.2. This means that the mean flux paths in the stator poles of the
equivalent model are longer than those in the Shark SRM, whose air gap is characterised by D,
and D, 5, asit is showed in Fig.4.3. To account for the redistribution of the iron material, a mean
air gap diameter is defined based on the diameters at points G; and G2, which are illustrated in

Fig.4.6.
stator Shark
g/tanp
GZ/<‘
A It
4 g P 3 N ‘7/
g 1 9/cosp
D G1 rotor Shark

Fig.4.6 lllustration of the Shark segment
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These points are located as follows:

» Point G1, at the root of the rotor Shark segment, is described by the diameter D4
« Point G2, at the root of the stator Shark segment, is described by the diameter D, , defined

in terms of rotor original diameter D,q and the dimensions of the Shark tooth by equation
(4.9).

— g
D., =D, + 2y, +2——— 4.4
s2 ri shk C S,B ( )

The mean air gap diameter Dg(m) may be defined by:

Drl + DsZ
=—I- ~Se=D.+h., + 4.5
g(m) 2 r1 ™ shk cos3 (4.5)
where: D,; and Dy, are defined above, hgy is the height of the Shark tooth, gis the air gap
length of the original machineand £ defines the Shape of the Shark tooth.

The mean stator diameter may be obtained by adding the equivalent air gap length, g', calculated
by equation (4.3), to the mean air gap diameter calculated by equation (4.5).

Dy = Dgqmy +2 [—% =D, + g [£0Sf3 (4.6)

g(m) g(m)

The mean rotor diameter may be obtained by subtracting the equivalent air gap length, calculated
by equation (4.3), from the mean air gap diameter calculated by equation (4.5).

Dr(m) = Dg(m) - 2 I:‘IgE = Dg(m) - g IE:OSﬂ (47)

The diameters calculated by equations (4.5), (4.6) and (4.7) and the air gap length calculated by
eguation (4.3) ensures that the resulting CSRM is equivalent to the specified Shark SRM.

(c) Solution of the MEC of the equivalent cylindrical air gap Switched
Reluctance Motor

The simulation model used in this work has been reported in [68] and [61]. Each element of the
magnetic circuit is described separately, assuming that:

. The field lines are uniformly distributed in the lamination plane
. The conductors are uniformly distributed
. Thereisno flux leakage — that is al flux passes from stator to the rotor and back
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. The flux islinked with al the turns
To support the calculations, the magnetic circuit of a 6/4 CSRM in the aigned rotor position is

illustrated in Fig.4.1. It consists of two stator poles, two rotor poles, two air gaps - due to the
symmetry around the x-axis, two stator yokes and two rotor bodies - due to the symmetry around y-

axis. For a genera configuration N¢/N;, the magnetic circuit consists of N%h (Ns is the number

of stator poles and ph isthe number of phases) elementary patterns, having the same components

asillustrated for the 6/4 SRM. The dimensions of each components of the magnetic circuit may be
determined for a general configuration of SRM. Then the solution of the MEC may be calculated at
different current values.

Each component of the magnetic circuit is described in the following paragraphs. All the
dimensions referred to in the following equations are related to Fig.4.1 and Fig.4.2.

o Stator poles

The stator pole of the equivalent machine has the width wg, determined from the stator equivalent
diameter Dg ;) and the stator pole angle, S, of the original machine:

D
2 2

The cross-section area of the stator pole Asp may be obtained as:

A = Wep [k (4.9)

The length of the flux path will be |, , equal to:

(Dbs - Ds(m)) ENS

= (4.10)
® 2 ph
0 Rotor poles
The width of the rotor pole w; is given by:
D
Wi o™ g A (4.11)
2 2

Then the cross-section A, will be:

Arp =Wrp gy (4.12)
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and the length of the flux path |y

(4.13)

o Airgapregions

The equivalent width wg and the air gap cross-section, Ay, are determined using the mean air gap

diameter, Dg(m). The fringe flux is also included in the model by using the Carter coefficient [72],
[78]. The Carter coefficient may be determined by equations (4.15) and (4.16), provided that

Ps< b -

The equivaent width of the flux region in the air gap is obtained by:

D
W, =29%E$in%+(l—a)[ﬂ (4.14)
where:
D -
= —rm fr =B (4.15)
2 2
2 i i 2
g=— atan(—} - Oog| 1+ (—j (4.16)
Vg g/ 20 g

These equations are justified by the fact that the regions of fringe flux may be considered equivalent
to a dot opposing a pole with the width equal to i given by equation (4.15), according to Carter
[72], [78], [79].

The active air gap area may be obtained as a function of the mean air gap diameter and of the length
of the lamination stack by:

Ay =Wy [ (4.17)

The length of the flux path across the air gap, |, is twice the equivalent air gap length, glcoss,
because of the symmetry with respect to the x-axis:

lg =2[glcosp (4.18)
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o Stator yoke

The yoke cross-section Ag, isnot affected by the presence of the Shark teeth in the machine:

_ (Ds — Dis)
Wy —STbS (4.19)

Ay =Wy, [ gy (4.20)

and the general expression for the length of the flux path through the stator yoke, |g,, may be
approximated by:

lgy =2 DTE(DS ~ D) Pn (4.21)
2 N,

o0 Rotor yoke

The cross-section, Ay, of the rotor yoke may be determined by:

_ (Dbr B Dshaft)

W.., = 4.22
y > (4.22)
Ay =Wy [ g (4.23)
while thelength, Iy, of magnetic circuit may be approximated by:
D, +D h
|ry=2DTE( br sh)Dp (4.24)
2 Ng

The expressions (4.19) — (4.24) show that the stator and rotor yoke considered in the model are not
affected by the presence of the Shark profile, which is conforming to Condition2.

The method used to solve the MEC is the same as that presented in [61] and [68]. To avoid iterative
calculation for a single working point, the MEC has been solved assuming known the flux linkage.
The flux densities in each section of the MEC may be calculated and the field intensities may be
determined from the B-H curve of the magnetic material. The current, corresponding to the
considered flux, may be obtained from the total MMF calculated as following:

B
MMFzﬂ—g[I]g+H$EI]$+Hrp O +Hg g, +Hpy Oy =Ny 0 (4.25)
0
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where: By isthe flux density in the air gap, H Hg . H,, arethefieldintenstiesin the

S pr' ISY’ Iry
estimated lengths of the air gap, stator and rotor poles, stator and rotor yokes respectively, Ny is

$’ Hrp1

stator poles, rotor poles, stator yoke and rotor yoke respectively, and |, | are the

the number of turns in series per phase, i is the current flowing through the phase winding and
HUpis the magnetic permeability of the free space. From equation (4.25), the current value

corresponding to the specified flux linkage is readily obtained knowing the number of turns per
phase Ngh.

4.3.2 Limitations of the model

The model presented above, provides reliable results for alimited range of dimensions of the Shark
profile. These limits are set by two conditions, which are discussed in this sub-section.

The first condition emerges from the analysis of the field pattern in the air gap of a Shark tooth,
whichisillustrated in Fig.4.7 and Fig. 4.8. Thefield pattern in the Shark air gap, having short tooth
pitch, provesto be different from that in a Shark air gap, having longer tooth pitch. It may be
appreciated from the two illustrations that the equivalent air gap in the configuration with short
Shark tooth pitch islonger thang .

lshi

Fig. 4.7 lllustration of thefield pattern in the Shark air gap, having  Fig. 4.8 Illustration of the field pattern in the

lsw>2g and =35 [degree]. The length of the field line across the Shark air gap, having |¢,<2g and =65 [degres].

air gapisequal tog The length of thefield line acrossthe air gap is
approximately g/cosf

Due to these changesin the field pattern the viability of the present model islimited to the case
where the sides of the stator and rotor Shark teeth overlap, provided uniform distribution of the air
gap flux density. This condition was determined in chapter 2, and it is remembered here:
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1,0

=—=>—__-—glanf =0
® 2[tosp gtan/s

where: |, isthelength of the overlapped sides, |4, isthe Shark tooth pitch, 3 defines the shape
of the Shark tooth and g isthe air gap length of the specified Shark SRM.

After smplification, condition (4.27) becomes:

snfB< '%; (4.28)

As sin B isawayslessor equal to unity, it resultsthat if 14, >2[g then theinequality is satisfied
for any angle S . Consequently, thereis no limitation of the model. However, if 14, <2[g, then
the upper limit of the angle S isgiven by:

(]
Biim Das n(%} (4.29)

For 5> Biim, theair gap length used in calculation has to be considered equal to g and not to the
equivalent value, g', asit isgiven by equation (4.3).

A stronger formulation of the condition (4.27), which assures that the air gap areais effectively
crossed by thefield lines, has been derived based on the data from section 3.3.2:

I
205 [ >0.90 ;%8 (4.30)

effectivelength E

of theairgap ideal length

region of theairgap
region

where ny isthe number of Shark profiles accommodated along a specified stack length, | . .

The second condition emerges from considerations regarding the available winding area. Because
the Shark teeth are oriented outward from the rotor body, the available winding areawill be reduced
in the Shark SRM compared with that in the reference CSRM. If the same number of turnsisto be
accommodated in the slot, then a higher fill factor must be considered. Therefore, it is necessary to
consider an upper limit for the height of the Shark teeth. Thislimit is calculated using equations
from Appendix C.2 and theresults are illustrated in Fig.4.9 for a6/4 SRM with the dimensions
given in Appendix A.2. The reduction of the winding area, caused by the Shark teeth, might be
compensated by rearranging the winding in the dlot, if the height of the Shark teeth were limited to
amaximum k,=22 [%)] of the stator pole height.
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Fig. 4.9 lllustration of the limitation of the height of the Shark tooth

This condition is expressed by:

henik < kw Tpole (4.30)
where:

Ny = % [fan B (4.31)
and

Db _D
hpo|e=( > , sm) (4.32)

Equations (4.30)-(4.32) provide the expression of the maximum angle alowed for a specified Shark
segment:

2k, |:(Dbs - (Drl +20g+2[k thde))} (4.33)

L < atan[ |

shk 2
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4.3.3 Validation of the simulation model of the Shark SRM in aligned rotor
position

The proposed model is verified for various configurations of CSRM, having cylindrical and
different Shark air gaps. The results of the analytical model are compared with the results from
FEA. In this sub-section only the results obtained for the 6/4 SRM are presented, the results
obtained for a12/8 SRM being illustrated in Appendix C.3.

* Cylindrical air gap SRM

The curves plotted in Fig.4.10 show good agreement between the flux linkage calculated
analytically and the results from FEA.
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|Bas lded] [T : :
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Fig.4.10 Magnetisation characteristic in the aligned position of the cylindrical air gap SRM 6/4, having the dimensions
givenin Appendix A.2.

e Shark SRM

The comparison of the flux linkage calculated with the model presented in this section with the
results from FEA, has showed that the proposed analytical model does not account properly for the
influence of the saw-toothed Shark air gap. This is because it was considered that the width of the
stator and rotor poles depends on the dimensions of the Shark profile — that is equations (4.6) and
(4.7). Therefore, some changes have been made:

» theaverage air gap diameter was replaced by the initial air gap diameter of the CSRM
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» theair gap length was written such as to account for the non-uniform distribution of the flux
density intheair gap: g'=glcosfB -2[n, [gltanf

With these observations, the results from Fig.4.11 and Fig.4.12 have been obtained. In Fig.4.11,
how the model accounts for the effect of the angle beta is verified, whilst in Fig.4.12, how the
model accounts for the effect of the Shark tooth pitch is illustrated. In both cases, the agreement is
good.
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Fig. 4.11 Magnetisation characteristics calculated analytically and by FEA for the Shark SRM in the aligned rotor
position, having different angle beta
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Fig. 4.12 Magnetisation characteristics calculated analytically and by FEA for the Shark SRM in the aligned rotor
position, having different Shark tooth pitch.
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4.4 Magnetisation characteristic of the Shark Switched
Reluctance Motor in the unaligned rotor position

The analytical model of the magnetic circuit of the Shark SRM in the unaligned rotor position is
presented and discussed in this section. The model is developed by using the approach reported in
[68], where the field paths are approximated by circular arcs and straight lines, described
mathematically by simple expressions. These expressions are then adapted to account for the
influence of the Shark air gap.

(a) General description of the analytical model

The model is described by the geometry and notation of Fig.4.13. The radia cross-section of the
SRM presents two symmetry axes, therefore only part of the machine is represented. In Fig.4.13,
the section of a 6/4 SRM isillustrated but the model is described for a general configuration Ns/Nr
of SRM.

>
id

|
|
o

A

n

Fig.4.13 Flux paths through the air in the unaligned position of acylindrical air gap SRM
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From the configuration presented, it may be suggested that there are three dimensions, that affect
the value of the unaligned inductance® significantly:

» theclearance, €, between stator and rotor poles
+ thedistance, g;, from the stator pole surface to the rotor interpolar surface

 therotor diameter, Dr(m), which combined with the stack length defines the area of the air
gap.

The supposed equipotential lines are divided into five groups as shown in Fig.4.13:

* FHux lineswhich leave the stator pole side and enter the stator back iron (region 1)

* Flux lineswhich leave the stator pole side and enter the rotor pole face (region 2)

* Flux lineswhich leave the stator pole side and enter the rotor pole side (region 3)

* Flux lineswhich leave the stator pole face and enter the rotor pole side (region 4)

* Flux lineswhich leave the stator pole face and enter the rotor interpolar region (region 5)

The transition from one region to another is defined by two points O, and O;. Point O, defines the
transition between region 1 and region 2 and point O; defines the transition between region 4 and
region 5. The location of the point O, may be specified analytically based on the conditions that the
lengths of the flux lines starting from point O, are equal. Theratio of the length of these linesis
equal to theratio of the amp-turns linked by them. This leads to:

1 2 Y
W G I

1= =1 (4.34)
2 (w@i@vmj (wiv)

which together with N+ mM=V + U + Yy, makes possible to |ocate the point O;, by determining the
length, n, from O, to the rotor interpolar face:

n(O )= , (4.35)

:Z+7_T[€V+lmj (4.36)
2 4 2

a
b=-ylvi(v+u+y) (4.37)

® here the inductance is preferred to the flux linkage, because the inductance of the magnetic circuit in unaligned rotor
position is constant
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=%Ey[(v+u+y)2—wﬁl[ﬁv+%mj. (4.38)

The location of the point O, may be determined from the condition that the length of the circular
arc O,0; isequal to the length of the segment O,0,. This condition makes that:

219

(o)

(4.39)

Having defined the location of points O, and Oy, the geometrical description of the field patternis
completely defined and the inductance of each field path represented in Fig. 4.13 may be calculated.

(b) Method of modelling

The idea of the proposed approach is to describe the unaligned inductance of a Shark SRM by using
the existing model of the unaligned inductance of a CSRM [68]. To do this the following method
was adopted; initially, the model of the CSRM is described and discussed. The deduction of the
expressions used to estimate the inductances of the magnetic circuits corresponding to the five
regions, is not detailed here asit can be found in [68]. Then each component of the total inductance
is corrected such as to account for the dimensions of the Shark profile. No empirical parametersis
used in this model.

(c) Analytical model of the cylindrical air gap SRM in the unaligned rotor
position

Since the magnetic circuit of the CSRM in the unaligned rotor position is symmetrical with respect
to the pole axis, the flux linkage of one pole, W-gq\q May be written as afunction of the flux

linkage of the five flux paths, Wj v :l,_5, illustrated in Fig.4.13:
5
Wegry =2 Dzlkp j (4.40)
J =
where 2 is due to the symmetry with respect to the pole axis.

The inductance of one phase may be determined by:

N, ) W
L =| == | 4.41
CSRM ( phJ i (4.41)
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N
because there are (—;j poles per phase.
P
Combining equations (4.40) and (4.41) it results that:

Legry =2%—> %> L (4.42)

YJ- _
where: L; =—, | =15
|

The phase inductance may be written, in terms of normalised permeance of the five flux paths, as:

S
Lessv =N Sh Xy X ¢ Z PjJ (4.43)
171 Jeskm
or
_ N2 '
Lesrm = Nipn >y X g XPesru (4.44)

where | ; isthe effective core length, accounting for the end flux. Its expression will be discussed
later in this section. Pj' v =]?3 are the normalised permeances of the flux pathsillustrated in

Fig.4.13 and PC'SRM isthe total normalised permeance of the magnetic circuit of the CSRM in the
unaligned rotor position. Equation (4.44) expresses the inductance of the unaligned rotor position
by defining atotal equivalent normalised permeance such as the resulting expression is related to
the stack length, | . In Pegryy » the end effects are included.

(d) Calculation of the normalised per meance

Equation (4.42) may be expressed in terms of permeance, Pj v =J?3 by:

\K; 5
Lesam =2x 7 2P (4.45)
%h 1=l Jcsrm

By comparing equation (4.43) and (4.45), it may be found that:
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: 2>P,
P = (4.46)
NS
mp ¥ ¢ ’( Ah)
where N isthe number of stator polesand ph isthe number of phase of the motor.
In terms of inductance, the normalised permeance becomes:
. L j
PJ- = (4.47)
2
Nturns

The total normalised inductance may be calculated as:

. e | &
Perv = . {Z P, :l (4.48)
sk LI=1 Jcsrw

(e) Calculation of the components of the phase inductance

Te permeance of each flux path and the corresponding contribution to the phase inductance may be
calculated as reported in [64].

Component L, is determined by considering that the number of turns, N, linked by the flux path,
isgiven by the relation (4.49).

1
N _ 2xg><(q+L)

1 (4.49)
Nturns WXU + = xwxu
2
where Ny s iSthe number of turnsin series per pole.
The resulting expression for the inductance of theregion 1 is:
N gxm*
L=mA, —| x 4.50

The dimension I; is the equivalent length of the machine that accounts for the core end fringing flux
and will be discussed later on this section.
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Component L, isexpressed by equation (4.51).

. [€%j2 DI%T(IOQ(n)’L 20yin-e) , (207 - 7w &)

e wiy 4fwv)?

R T I e4)]

6 [{w V) 64 [{w V)

(4.51)

Component Lz may be expressed by:

_ NY 2 20an(p-r)+m-(p-r)
Lg—yotﬂftéz) (p—r)Eﬂog[ZEtan((o—rﬁﬂ—ZEqu—r) (452

Components L, and Lg may be calculated by:

N\ 2 211,
L=wd. 0N o2 o i |
+ "o ftﬁz) o oy °g£eaﬁn—(¢—r)]) @)
Le =t [ﬁﬂjzmp“"- 2 (4.54)
ST 2) Tg n-(p-r) |

The equivalent length of the machine that accounts for the fringing flux at the core end is
determined based on considerations from [68] and [72]. A detailed description of the calculation
applied to the SRM is given in [68], where the length I; is determined by:

I =lg +2[ni(l-0) (4.55)
where nisdefined in Fig.4.13.

In order to determine the coefficient g, afictious uniform air gap, g+, is defined. For simplicity,
the method of [68] was adopted. It resulted in:

117 Vg T Q-
=TS h+Z e+ =-X _|[é+0g +0 4.56
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(f) Calculation of the phase inductance for the Shark SRM

The above equations were used to calculate the components of the phase inductance in the Shark
SRM but each of them was corrected to account for the presence of the Shark profile. To do this,
the influence of the Shark profile on each region has to be identified and described:

* Region 1 has no Shark teeth

* Region 2 has Shark teeth on the rotor surface

* Region 3 has Shark teeth on both stator and rotor surface
* Region 4 has Shark teeth on the stator surface

* Region 5 has Shark teeth on the stator surface

The presence of the Shark teeth affects the flux path used to calculate the each inductance
component asit isillustrated in Table 4.1. Therefore, the inductances associated to regions 1+5in a
Shark SRM may be expressed by combining the inductance of the regions 1+5 in the CSRM and the

inductance of the Shark teeth regions calculated separately. This component is called Lot
where k denominates the region k, where the Shark teeth are located.

The resulting expressions for the tooth region inductances and for the resulting inductances of the
flux paths are given in Table 4.1, row 4.

The inductance of the path 3 in the Shark SRM is determined by modifying the equivalent length,
| ¢ , by accounting for the dimensions of the Shark profile:

|
| tshark = coStsk,B +2h{l-0o) (4.57)
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Table 4.1 Calculation of the path inductances of the Shark SRM by using the model of the CSRM

Path 1 Path 2 Path 3 Path 4 Path 5

no influence Shark teeth on therotor pole | Shark teeth on both stator | Shark profiles on the stator pole | Shark profiles on the stator pole
and rotor

-2(@ o
e

'
7

’ f .~ Or
8 e
.’(2,7 (3) (45)

1
g A

I fShark
Lisnark = Licsrv | Losnark = Locsrm Lashark = Lacsru U B Lasnark = Lacsrv — Lsshark = Lscsrm —
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99







Chapter 4 Analytical modelling of the Shark Switched Reluctance Motor

(g) Results

The magnetisation characteristics for the unaligned position are presented for both the CSRM and
the Shark SRM in Fig 4.14. In terms of inductance, for the reference SRM the measured unaligned
inductance was L0=58.7 [mH] and the calculated value was L0=60.9 [mH]. In the case of the Shark
SRM the measured value was of L0=62.5 [mH] while the calculated inductance L0=66.5[mH] as it
may be verified in Fig. 4.14.
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Fig.4.14 Comparison of the calculated magnetization characteristics in the unaligned position with those measured on
the demonstration machines for both reference and Shark SRM.

The ratios of each path permeance to the total permeance are given for CSRM and Shark SRM in
Appendix C.5. These results indicate that the flux lines are concentrated in regions 3 and 5.

4.5 Energy conversion and optimum Shark configuration

In this section, the performance of the saw-toothed Shark SRM is analysed for different dimensions
of the Shark profile. The models presented in the previous sections are used to calculate the
necessary magnetisation characteristics. The objective function for this analysis is the energy gain,
ky . which is defined as the ratio of the energy change in the two considered motors. Its

mathematical expression is given by:

— AV\/Shark

AW,
reference|; - .ongt

kv

(4.58)
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where

(4.59)
i
with: W‘ j =

g

A(i,H)\j e,  j=min,max
0

(4.60)

where A (i,8) isthe flux linkage as a function of current and rotor position.

The analysis was performed for two cases:

a) The number of turns per phase was maintained constant for both the CSRM and the Shark
SRM. This condition can be satisfied as long as the conditions expressed by the equations
(4.27) and (4.33) are satisfied.

b) The number of turns per phase was changed to fill the available winding area

a) ldentical number of turnsin CSRM and Shark SRM.

The energy gain calculated analytically for different Shark configurations is presented in Fig.4.15.
The envel ope represents the dependence of the Shark tooth pitch on the angle [, expressed by the
conditions given by equations (4.26) for the upper limit and (4.33) for the lower limit. The results
illustrated were obtained for SRMs with main dimensions from Appendix A.2. The results were
obtained for different values of the Shark tooth pitch, limited as expressed by equations (4.27) and
(4.33). The results indicate that the optimum Shark configuration is given by the set of parameters

(Is 5[mm], =50 [deg)).
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Fig.4.15 Energy gain asafunction of B and tooth pitch for Shark SRM, having constant number of turns per pole Niyms
and high current
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The energy gain at alower currenti.e 1 [A] isillustrated in Fig.4.16. By comparing the energy gain
from Fig.4.15 to that from Fig.4.16, it may be observed that the energy gain at lower current
exceeds that at higher current. This means that the use of the Shark air gap is more beneficial when
the iron of the magnetic circuit is not saturated. It may aso be observed that the optimum

configuration of Shark air gap is obtained again for Shark tooth pitch, |4y, of 5 [mm] and angle,
B =50[deg].
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Fig.4.16 Energy gain as afunction of  and tooth pitch for Shark SRM, having constant number of turns per pole Nyyms
and low current
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b) Number of turns modified accordingly to the available winding area.

When the number of turns is not considered constant but variable conforming to the available
winding area, the family of energy gain characteristics are modified as shown in Fig.4.17.

It could be seen that the energy gain is reduced compared to that represented in Fig.4.15. The
energy gain reaches its maximum for a Shark tooth pitch of 4 [mm] and an angle [ of 47.5

[degreg].

This time the diagrams plotted for a maximum current of 3 [A] indicate that the optimum
configuration the Shark profileislength | 4, =4 [mm] and angle [3=47.5[deg]. The gain in the co-
energy variation is substantially reduced due to the reduction of the phase MMF. If the excitation
conditions were preserved, the reduction of the number of turns requires a higher current to flow

through the winding. This will consequently affect the resistive losses and the performance of the
machine.

103



Chapter 4 Analytical modelling of the Shark Switched Reluctance Motor

energy gain

1.06

1.04

1.02

0.98

0.96

\ \
T SO T TR |
| | | L |
s

| | s | Y 5

| yr= l | /
””””” R e N G

| l / 6 |

I N o~ V7T |

i i : /i current 3 [A]
********* il e e it o Sl ettt Rty

| | NS AW/AW0=0.89

| | h | - 0,

: : e8mm w0

| | 1 shk | I
0 10 20 30 40 50 60

Bldeg]

Fig.4.17 Energy gain characteristics for the different ,B and lshk of Shark segment, when the number of turns per

pole varies proportional to the available winding areafor kW =20[%)].
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Fig.4.18 Energy gain characteristics for the different ,3 and lshk of Shark segment, when the number of turns per

pole varies proportional to the available winding areafor kW =20[%], i=1[A]

It may be concluded that the optimum Shark configuration liesin a narrow dimensional range
(tooth pitch of 4 to 5 [mm], and angle of 47 to 50 [degree].), regardless of the winding layout. For

the prototype a saw profile with angle /3 of 45 [deg] and tooth pitch | 4 of 4[mm] was selected.
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4.6 Analytical calculation of the static force in Shark Switched
Reluctance Motor

Generaly, three forces are produced in any electrical machine. These are:

e Tangentia force, which acts tangentially to the rotor in the direction of movement. This
force produces the torque of the machine.

» Radia force, acts radially. This force may cause vibration of the lamination stack and is
usually larger than the tangential force. Therefore, several methods to reduce the radial force
arereported [75], [76], [77], [108], [109], [110].

» Axial force, acts oriented along the lamination stack. It is generally very small and is often
be neglected in cylindrical air gap machines.

In the Shark SRM, the relative values components of force change amplitude with respect to those
in the CSRM. This change depends on the shape and dimensions of the Shark teeth. It will be
shown that these changes are important for the vibration of the machine and for the mechanical
layout of the assembly.

Therefore, in this section, an analytical method to cal culate the components of the force produced in
a Shark SRM, having saw-toothed air gap is presented and discussed. This method uses the method
of virtual work and the models of the magnetisation curves, determined in the previous sections of
this chapter.

Initially, the components of force are illustrated for both CSRM and Shark SRM having axially
symmetrical and unsymmetrical air gap. Then, the methodology of the calculations, highlighting
two different approaches, is specified. Subsequently, the calculations are presented and discussed
and the data obtained FEA of the specified models are used to verify the anaytical model for force
calculation.

4.6.1 Force distribution in cylindrical and Shark air gap Switched
Reluctance Motors

Prior to the final selection of the analytical model, the components of force in CSRM and Shark
SRM and the relationship between them are identified. To do this, the axial cross-section of the
machine is considered, because, as shown in chapter 3, this is the cross-section relevant for the
Shark SRM, when 2D modelling is performed.

In a CSRM, aradial force, fr(c)and atangential force, ft(c) are produced. The axial force is very

low and it may be neglected. Thisisillustrated in Fig.4.19 a). On the other hand, in a Shark SRM, a
force is produced perpendicular to each side of the Shark tooth as illustrated in Fig.4.19 b). These

forces are termed fn(l) and fn(z). Each normal component frgi) has itself two components; one
component acts along the lamination stack and is termed axia force, fél), fasz); the second

component acts radially to the motor and is termed radial force, fr(l), fr(z). The axial components
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fa(l) and fasz) act in opposite directions. Therefore, if the air gap is axially symmetrical, there is
no resultant axial force.

On the other hand, if the air gap were axially unsymmetrical, as shown in Fig. 4.19 c), the forces
produced on the two sides of the Shark tooth are no longer equal. This is because the air gap flux
density on the two sides is not equal, as the corresponding magnetic circuits have different air gap
lengths. A resultant force will be produced that will be axially oriented, in the direction such as to
increase the initial axial displacement, J. If axial movement of the rotor were not prevented, the
rotor would physically contact the stator and would not be able to rotate.

The components of force produced in a Shark SRM may be determined as a function of the normal
force and the angle /3, defining the geometry of the Shark tooth:

* radial component:
iU = £ posp (4.61)

» axia component:

0 =W @ing (4.62)
fr(C1)
v9
A
a) cylindrical air gap SRM b) Shark SRM, having axially c) Shark SRM, having axialy

symmetrical air gap unsymmetrical air gap

Fig.4.19 lllustration of the forces produced in the axia cross-section of a CSRM and Shark SRM.

Imagining a CSRM, equivalent to the half Shark tooth (e.g. side 1 in Fig.4.19), it may be written
that:

£l = ¢ 0 (4.63)

n

where: @ istheradial force and fn(l) is the force produced in the axial cross-section of the
Shark SRM.
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The axial component of the force produced in the equivalent CSRM is:
£{ct) = ¢ (4.64)

The tangential component of the equivalent CSRM isidentical to that of the corresponding Shark
SRM.

4.6.2 Method for calculating the forces in a Shark SRM

The analytical model for calculating the forces in a Shark SRM is based on the idea of transforming
a specified Shark SRM into an equivalent CSRM. The method used to perform the transformation
was discussed in section. 4.2. Now, it will be shown how this method may be applied to the Shark
SRM with axially unsymmetrical air gap.

From Fig.4.20 it may be seen that the Shark tooth with axially unsymmetrical air gap has different
air gap lengths on its sides. If the maximum axial displacement of the rotor, oy IS:

g

snpg
then, the actual displacement may be written asaratio ky of Opmax:

Using these equations, the air gap lengths on each side of the Shark tooth may be calculated by:

91=9-9g=9g-9dLEnp (4.67)

gz=g+5g:g+5ESin,8 (4.68)
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Fig.4.20 lllustration of the
displacement Omax

calculation of the maximum

Assuming uniform distribution of the field lines, the Shark SRM, having axially unsymmetrical air
gap may be considered equivalent to two Shark SRM, having stack length equal to half the stack
length of the specified machine and the air gap lengths defined by equations (4.67) and (4.68).

Following this transformation, each half machine may be analysed separately, using the anaytical
model presented in section 4.2. This model provides the magnetisation characteristics for each of
the two Shark SRMs as a function of rotor position and current.

The force may be calculated by the method of virtual work. That is to determine the ratio of co-
energy change caused by an infinitessmal displacement.

Another method is to perform all calculations on the equivalent Shark SRMs. It means that the
components of the force may be obtained directly by the variation of the co-energy with respect to
the corresponding coordinate:

* Thenormal force in the axial cross-section of the Shark SRM with uniform air gap may be
determined from the change of co-energy with respect to the air gap length:

e (i) ow
O B (4.69)
0
* The axia force may be determined by the change in the co-energy with respect to the
coordinate z:
i) oW
fa(l') =—1 =12 (4.70)
0z

» The radia force may be determined from the change of the co-energy with respect to the

coordinatey:
fi) =M o (4.71)
0y

or direct from axial force:
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f)=—2a_ j=12 4.72
r tanﬁ1 | 11 ( )

or by:
« axial component: fa(i) - fr(Ci) @npB, i=12

+ radial component: ¢ (1) = ¢ (d) gos g, =12

The calculated forces were compared to those determined by FEA and the results were satisfactory.
However, this subject is not discussed in here as it is outside the scope of this chapter. Here, the
intention isto provide only ageneral overview of the forces produced in Shark SRM.

4.6.2 Study of the forces produced in a Shark SRM

The redistribution of iron between the stator and rotor bodies, caused by the Shark shape, makes the
components of the forces different, compared to those arising in CSRM.

The radial force, produced in an SRM, excites vibration of the mechanical assembly, especially the
stator and rotor yokes. Axial force may cause difficulties in the mechanical assembly and may
excite vibration of the mechanical structure along the longitudinal axis aswell.

Axia vibration is very small in a CSRM without skew [40]. Although, the CSRM is normally
designed without skew, there are examples of skewed CSRM [80]. In Shark SRM, with an axially
unsymmetrical air gap, this axial vibration may be excited by the resultant axial force.

The amplitude of these forces may change with the dimensions of the Shark profile. Therefore, in
this section, this influence is studied by using the models described in the previous section. The
radial and axial components of force are studied as functions of: the excitation current, the axial
displacement of the rotor stack with respect to the stator stack and the dimensions of the Shark

profile—that isthe angle B and the Shark tooth pitch, |y, .

a) Sudy of theradial force

In this subsection, the normal and radial forces produced in a Shark SRM are studied with
symmetrical (K5 =0) and unsymmetrical (K5 # 0) air gap. The study includes the effect of the

dimensions of the Shark profile, on the force components mentioned.

By radial force is understood the force that acts perpendicularly to the axis of the machine. Here,
the sum of the forces produced on each side of the Shark profile is considered.
By normal force is understood the force that acts perpendicular to one side of the Shark profile —

that is fn(l) or fn(z) in Fig.4.19. However, because the total force produces the effects mentioned

above, thiswill be used in the following paragraphs. The resulting force is determined for the Shark
SRM formed by all sides 1 of theinitial machine.
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Initially, the case of the axially symmetrical air gap is considered. The symmetry of the air gap
makes that the forces produced by the two equivalent Shark SRMs are equal. Therefore, only one
component of the normal and radial forcesisillustrated for the case in point.

The normal force and the corresponding radial component are illustrated for a Shark SRM with low
excitation current in Fig.4.21 and Fig.4.22 and for high current in Fig.4.23 and Fig.4.24.
From Fig.4.21, it may be seen that the normal force increases by increasing the angle [ . It may

also be seen that the Shark tooth pitch, |4, , has no significant effect on the normal force. The total

radial force illustrated in Fig.4.22, is not much affected by the dimensions of the Shark air gap. It
may be seen that the change in its amplitude is of maximumZ1.7 [N], which represent 3.7 % of the
radial force of the corresponding CSRM. This means that, at low current, application of the Shark
air gap does not significantly reduces the total radial force.

If the iron regions of the Shark SRM are saturated, the effect of the Shark air gap on the normal
forceis substantial. Thisisillustrated in Fig.4.23 and Fig.4.24. For identical mechanical conditions
(symmetrical air gap, identical Shark profiles) but at high current, the normal force decreases for

increasing the angle B and by increasing the tooth pitch, |4, . The corresponding radial force,
which isillustrated in Fig. 4.24, decreases by increasing the angle, £, and the tooth pitch, | 4, .

40

normal force [N]
w
(§)]

w
o

25%

B [deg]
Fig.4.21 Normal force in the Shark SRM with axially symmetrical air gap and low current
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Fig.4.22 Radial force in the Shark SRM with axially symmetrical air gap and low current
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Fig.4.23 Normal force in the Shark SRM with axially symmetrical air gap and high current
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Fig.4.24 Radial force in the Shark SRM with axially symmetrical air gap and high current

Because, the reduction in the radial force that might be obtained at high current is of interest, only
this situation is explored further if the air gap were axially unsymmetrical. The total radial force of
the Shark air gap, having tooth pitch constant decreases by decreasing the angle [, asshownin

Fig.4.25. For a specified tooth pitch, theincrease in axial displacement determines the increase in
the total radial force only for alimited range of angles 3. By increasing 3, the total radial forceis

affected only by the tooth pitch.

The components of the radial force produced on each side of the Shark profile are illustrated in
Fig.4.26 and Fig.4.27. It may be observed that the total radial force of side 1, Fr(l) , having a shorter
air gap, increases compared to the corresponding value of the Shark SRM with symmetric air gap

( k5 =0). On the other hand, the total radial force corresponding to the side 2, Fr(z), having longer
air gap is smaller than that of the Shark SRM having symmetrical air gap (K5 = 0).
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Fig.4.25 Total radial forcein the Shark SRM with axially unsymmetrical air gap
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Fig.4.26 Radial force produced on each side of the Shark profile
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Fig.4.27 Radial force produced on each side of the Shark profile as afunction of the angle ,3 of the Shark profile

The analysis of the curves plotted in Fig.4.26 and Fig.4.27 shows that:

» A Shark profile having alarge angle 8 and long Shark tooth pitch is beneficial if the radial
force were of main concern

» Thedifference in the magnitude of the norma components produces a moment that tends to
rotate each segment as shown in the drawing associated with . The magnitude of this
moment is given by:

r= (fr(l) - fr(z))d%
4
(4.76)

b) Sudy of the axial force

If the air gap in a Shark SRM is axially unsymmetrical, this generates unsymmetrical forces on the
sides of the Shark profiles. The resultant axial force differs from zero and this may causes
difficulties in the mechanical assembly. Therefore, is interesting and useful to know the effect of
the dimensions of the Shark profile on the amplitude of the axial force.

The axial force may be also determined by using the models presented in the previous section. As

for the radial forces, the axial forces are analysed using the same methods as was used for the radial
forces for various configurations of Shark SRMs at low and high current.

For low excitation current and axial displacement specified by K5 = 0.5, the axial forces acting in
both directions and the total axial force are represented in Fig.4.28. It may be observed that the
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Shark tooth pitch has no significant influence on the amplitude of these forces. On the other hand,
the increase in angle [ determines a substantial increase in the total axial forces produces on the

two sides of the Shark teeth. Consequently, the resulting total axial force increases by increasing the
angle 3.
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Fig.4.28 Total axial force produced on each side of the Shark teeth and total resultant axial force in Shark SRM having,
axially unsymmetrical air gap, K5 = 0.5, and low current
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Fig.4.29 Total axial force produced on each side of the Shark teeth and total resultant axia force in Shark SRM having,
axially unsymmetrical air gap, K5 = 0.5, and high current
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For high current, the same forces are represented for various Shark configurationsin Fig.4.29. The
total axial force corresponding to each side of the Shark teeth increases by increasing the angle (3.

However, by increasing the angle 3, the resultant axial force increases to a maximum value,
afterwards, starting to decrease.

The influence of the axial displacement on the axial forceisillustrated in Fig.4.30. It can be
observed that the amplitude of the resultant axial force would be greater if the axial displacement
were to be increased.

00

600

500

axial force [M]

B [deq]
Fig. 4.30 Resultant axial force at different displacements

The relations between the radial and the axial total forces, produced on each side of the Shark teeth
isillustrated in Appendix C.6.

4.7 Summary and conclusions

In this chapter, models of the aligned and unaligned magnetisation characteristics of the Shark SRM
have been presented. Two approaches have been discussed. One is an adaptation of the Langevin
function to model the magnetisation characteristic of the CSRM and Shark SRM. This approach
was shown to have important drawbacks because it requires a large amount of data from FEA in
order to calculate the coefficients of the modified Langevin function.

The second approach is characterised by simplicity. The key ideais to reduce the Shark SRM to an

equivalent cylindrical SRM, whose characteristics can be determined by making use of one of the
existing modelling methods. The equivalent CSRM was derived from considerations regarding the
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saturation mechanisms in the Shark profiles, which were identified in chapter 3. In the proposed
model, the main air gap dimensions of the equivalent CSRM are calculated based on the
dimensions of the Shark SRM and of the Shark profile. The transformation was made based on the
condition of equal air gap reluctances. The redistribution of magnetic material inside the Shark
machine was accounted for by the means of the average stator and rotor diameters.

The validation of the model was made by comparison of the calculated data with data determined
by anumerical method (FEA) for alarge range of Shark profile configurations.

The evaluation criterion was the magnetisation characteristics in both aligned and unaligned
positions. For a single case, that of the demonstration machine, the experimental results were used
to verify the model when it was applied in both cases of the cylindrical air gap SRM and Shark
SRM.

Comparison between the data obtained by analytical calculations, measurements or FEA corrected
for the yoke regions indicated good agreement. The analytical model was checked for cylindrical
and for Shark SRM with various configurations.

The modelled magnetisation characteristics were then used to analyse and optimise the
configuration of the Shark SRM. It was shown that when the reduction of the winding areais taken
into consideration, the optimum configuration of the Shark SRM with the main dimensions given in
Appendix A.2 is obtained for the saw-toothed profile having the tooth pitch | g4 =4[mm] and the

angle [ =45[deg].

Using the proposed model of the Shark SRM, the forces produced in the axial cross-section of the
motor have been calculated. The variation of these forces as a function of the dimensions of the
Shark profile was studied.

It was concluded that the Shark profiles reduce the radial component of the force, which may be
expected to contribute to reduced vibration level. Calculation of the vibration is beyond the scope
of this project. On the other hand, in a Shark SRM, having axially unsymmetrical air gap, a
resultant axial force is produced if the air gap is axially unsymmetrical. This may cause difficulties
for assembly of the machine and even axial vibration of the rotor stack. In the worst case the rotor
will rub on the stator.

It may be concluded that by the redistribution of the mass between the stator and the rotor body the
Shark SRM provides improvement of the magnetic circuit. Its capability of producing flux is
improved. The components of the force are redistributed, in the sense that the radial force is
reduced at the expense of the appearance of new axial force.
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Chapter 5

Measurement and comparison of different
motor types

In this chapter, the Shark concept is tested experimentally. The CSRM and the Shark SRM, having
the dimensions given in Appendices A.2 and A.3 and the Shark profile defined in chapter 3 and 4,
were tested in static and steady-state conditions. The results of the static test have already been used
in the previous chapters to verify the flux linkage characteristics calculated by FEA or by an
analytical method. Here the results of the steady-state tests are used to evaluate output coefficients
such as efficiency, power factor.

Additionally, various motor technologies are compared by using the mentioned output coefficients.
Therefore, an Induction Motor (IM), a BrushLess DC Motor (BLDCM), acylindrical air gap SRM
(CSRM) and its Shark counterpart were all tested at similar operating points. In an attempt to
ensure valid similarity between the different motor types, similar geometrical and electromagnetical
conditions were selected.

This chapter is organised as follows. The objectives are specified initially. Then the method, the test
arrangements and the specifications of the motors to be tested are defined. Subsequently, the results
of the measurements are presented for each motor separately. The relative evaluation of their
performances is discussed, according to criteria to be defined. A summary and conclusions are
presented at the end of this chapter.

5.1 Objectives and methodology

The am of this chapter is to assess the relative steady-state performances of the mentioned electric
motors, operating at working points, which will be specified.

To compare various types of electric motors, an appropriate approach assuring similar test
conditions is required. Therefore, areview of existing methods is presented initially. Subsequently,
the methodology selected in this project will be defined. Then the results of the steady-state test are
presented for each motor, followed by a general comparison of the considered motors.

In the previous chapters, the static characteristics (flux linkage and torque) of various Shark air gap
SRMs, have been obtained by using FEA and analytical models. All these calculations have been
verified by comparing them with those measured on the test machines (a CSRM and a Shark SRM).
Therefore, the results of the static measurement will not be discussed in this chapter.
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5.1.1 Existing approaches for comparison

The comparison of various electric motors may be designed mainly in two ways. by using the
output equation or by calculating output coefficients of interest from variables measured on the test
machine.

The output equation is generally used in preliminary design of electric motors and expresses the
output or the electromagnetic power as a function of the main dimensions, efficiency and power
factor of the motor. It was first developed for induction motors supplied with sinusoidal voltage.
Subsequently, this has been extended to account for effects of the non-sinusoidal current and
electromotive force (EMF) waveforms [92], [99], as to enable comparison of different motor
technologies such as IM, SRM and BLDCM, by a unique equation.

The second method uses experimental data to compare electric motors. In this case the input
variables (voltages, currents) and output variables (torque, speed) of the motor are measured at
specified operating points. Subsequently the coefficients of interest and the loss distribution are
calculated. Because by this method, data are collected directly from the test machines, these results
are not affected by empiric factors as the results of the output equation are. Therefore, the method
of direct measurement on the specified motorswas preferred in thiswork.

To reach the objectives of the chapter abasis for comparison of various motor technologies must be
defined. Generally, the comparison may be performed by two methods. These methods are defined
based on that an electric motor is a device that makes use of a certain volume/mass of material with
magnetic properties to convert the electrical energy (supplied into it through a certain
volume/amount of conducting material) into mechanical energy:

* One method of comparing different motor technologies [97] is to impose constrains on the
amount of different materials (i.e. same copper mass or same iron mass) used to build the
motor and then evaluate the efficiency of the energy conversion process in each motor. By
this method, the capability of the magnetic circuit to make use of a certain amount of
material may be assessed (Fig.5.1, Approach 1).

* Another approach [93], illustrated in Fig.5.1. Approach 2, is to design motors capable of
delivering a specified output power at a specified working point and to evaluate the
volumes/masses of iron and copper used by each motor to produce the required power.

material and dimensions — output
Approach 1 constraints capability
Approach 2 material necessary <= output
requirement

Fig. 5.1 Basic methodol ogies to compare different technologies of electric motors.

In this work direct measurement were performed such as to acquire data necessary for calculating
the output coefficient of interest. The conditions of comparison were defined by combining
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geometrical (specific to Approach 1) and electromagnetic (specific to Approach 2) constraints.
These constraints are discussed in the next section.

5.1.2 Methodology of comparison

In this section, the constraints and the criteria for comparison of various electric motors are
discussed. The elements approached are: initial constraints, comparison criteria, and methodol ogy
of the analysis have to be defined.

I nitial constraints

Defining the initial constraints ensures that the data are collected in identical or ssimilar conditions
for each motor. These constraints fall into two categories:

e Geometrical constraints
* Electromechanical constraints

The geometrical constraints, are specified mainly by the volume of the frame, accommodating the
motor. Initially, it was decided that all four motors were to be built into a Grundfos standard frame
MGT71 (Fig. 5.2.a). Thisis an advantage for the IM because it is designed for this frame. However,
due to assembly difficulties, the Shark SRM was eventually assembled into a special Aluminium
frame (Fig. 5.2. b), which alters the similitude of the cooling conditions.

a) standard frame MG71 b) frame used for the Shark SRM
Fig. 5.2 Types of frames used to accommodate the studied motors.

The lamination stack has identical lengths in IM, CSRM and Shark SRM (Table 1, row 7). This
condition ensures identical electromagnetic volumes’ for the three motors. The BLDCM was,
however, designed with a shorter stack length as shown in Table 1, row 7.

The air gap length isidentical in IM, CSRM and Shark SRM (Table 1, row6). It is, however, longer
in BLDCM but this has no significant influence on the motor performances, since the magnetisation
of the BLDCM is produced by surface mounted permanent magnets.

The electromechanical constraints refer to the designed output variables such as rated output
power, speed and torgue. The specifications of the motors to be compared are given in Table 5.1,
rows 1, 2, 3. All but the BLDCM are designed for an output power of 550 [W] attainable at 2800
[rpm] and T=1.9 [Nm].

" volume determined by the length of the lamination stack and the stator outer diameter
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Table 5.1 Specifications and geometric constraints for the motors used in comparison

Row | Parameter name Parameter | Unit | IM CSRM Shark SRM | BLDCM
symbol
specifications
1 output power Pm [W] 550 550 550 268
2 shaft torque Te [Nm] | 1.85 1.9 1.9 1.1
3 Speed ® [rpm] | 2822 2800 2800 2250
geometric constraints
4 frame MG71 | MG71 - MG71
5 stator diameter, Ds [mm] | 106.5 | 106.5 106.5 106.5
6 air gap g [mm] | 0.3 0.3 0.3 0.5
7 stack length I stk [mm] | 60 60 60 40
8 total length with
winding overhang

Comparison criteria

Definition of the comparison criteria is a controversia topic, due to different operation principles
of the motors. Furthermore, their specification is dependent on application. Furthermore, it is
important to know the phenomena, which cause that an output coefficient has a certain value.
Knowing the correlation between different components of the losses, allows the improvement of the
design with regard to the efficiency of the motor. Various criteria to evaluate various motor
technologies are proposed in [94] and [95].

In this project, the steady-state output coefficients, determined from measured data and used to
compare the different motor types are: efficiency, electric and magnetic loadings, power factor,
torque-weight ratio and torque-current square characteristic.

5.2 Experimental arrangements

Seady-state tests are made on all four machines. The goal of the steady-state test is to provide all
the data necessary to calculate efficiency, power factor and losses of the tested motors.

The steady-state measurements are performed using the arrangement illustrated in Fig.5.3. It
consists of two main units. the load system and the tested system. The load system consists of the
load machine (PM motor) and the control unit. Details may be found in [82] and [83]. Facilities for
data acquisition (GPIB and analog output transducers which are fed to an A/D converter) are
included so that all the results of the measurement are available for storage. The tested system
consists of the tested machine and its control unit.

The acquired variables, such as phase voltages and currents, speed and shaft torque, are illustrated

in Fig.5.4 by points 3, 4 and 5 as to acquire only the input and output variables of the electric
motor.
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Drive System
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Fig.5.3 Configuration of the test system [82]

Drive System Under Test

Power Converter

. — _ Measurement
Main Power || Rectifie | Inverter Machine Point 5

o %giiﬁc 4% g g

Point 1 Point 2 Point 3 Point 4

Fig.5.4 Measurement pointsin the test system [82], for evaluation of the Power Converter and of the electric Machine.

5.3 Results of the steady-state tests

The measurements procedure is the following: the motor was run at full load for one hour until
warm. Then measurements were made successively at 1.9 [Nm] and speed of 500, 1000, 1500,
2000, 2500 and 2800 [rpm]. The procedure was repeated for load torque down to 0.5 [Nm], such as
to provide data at the working points shown in Fig.5.5. This procedure was followed for CSRM,
Shark SRM and BLDCM, whilst the IM was tested only at rated voltage. The test points for the IM,
CSRM, Shark SRM and BLDCM are shown in Fig.5.5. Because of the voltage limitation of the
controller used to control the BLDCM, this could not be tested at 2800 [rpm] and 1.9 [Nm].
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Therefore, all the data used in this chapter for the BLDCM operating at this point are obtained by
extrapolation of the measured data.
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Fig.5.5 Example of the test points for IM, CSRM, Shark SRM and BLDCM

5.3.1 Measurements on the Induction Motor (IM)

The measurements on the IM, having the dimensions given in Appendix A.1, are made according to
the procedure B from IEEE Std. 112 (measurement and loss segregation) [102]. This method
indicates as necessary, tests at no-load and at different loadings.

Initially, the core losses were determined by a test at no-load and rated voltage. The measured
values are given in Table 5.2. Knowing the friction and windage losses, P, (provided by

Grundfos and given in Table 5.2), the core |osses were calculated by:
— 2
Peore =Fo = Prw =3[Rgo Uy (5.2

where B istheinput power, | isthe no-load current, Rjisthe measured phase resistance, Py is

the friction and windage loss and P, isthe coreloss.

Table 5.2 No-load measured data for core |oss determination

PO [W] |0 [A] RO [Ohm] PfW [W] Pcore [W]
50.79 0.76 14.11 7.6 17.93

The efficiency was then calculated from the experimental data at 25, 50, 75, 100, 125 and 150 [%]
of the rated torque. The characteristic obtained is shown in Fig.5.6.
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Fig.5.6 Measured efficiency of IM, supplied with rated sinusoidal voltage.

The loss distributions at al test points of the IM are presented in Fig.5.7. It may be noticed that the
contribution of core loss to the total loss decreases by increasing the load torque whilst the
contribution of the copper loss to the total loss increases by increasing the load torque. The most
substantial change is exhibited by the rotor copper loss.

Because the measurements are made with nominal voltage, the efficiency at reduced load is low
since the magnetisation current cannot be controlled. In [96] it was shown that at reduced |oad there
is an excess of magnetisation, corresponding to a large magnetisation current. Therefore, an

adequate control strategy may significantly improve the performance® of the machine.

Theloss distribution for the IM supplied with rated voltage, operating at various load torqueis

shown in Fig.5.8.

8 For a4 poles 2.2[kW] IM tested in [96], the gain in efficiency was about 20 % point at 14 % of the rated torque and

about 10 % point at load torque of 28 % from the rated torque.
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Fig.5.8 Mechanical, core and copper losses measured for the IM at rated speed 2820 [rpm]

5.3.2 Measurementson the Cylindrical air gap SRM (CSRM)

The CSRM is designed for rated power of 550 [W] at 2800 [rpm] and load full load torque, 1.9
[Nm]. The design data may be found in Appendix A.2. The steady-state tests were performed at
operating points, specified in Fig.5.5.

Extensive research on SRM control [40], [103], [104], [105] indicats that the efficiency of the SRM
is strongly dependent on control parameters such as turn on angle oon, turn off angle oq and duty
cycle D. Therefore, the results presented in this section are obtained by using control parameters,
that produce the optimum efficiency of the tested CSRM.
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The search procedure was based on the idea that the duty cyclein SRM is similar to the modulation
index in a scalar controlled IM. This is proportional to the speed [40], [103]. Furthermore, the turn
on angle, may play the primary role in controlling the torque whilst the turn off angle, may depend
almost linearly upon the speed [40], [103].

To determine the optimum combination of control parameters, for a specified duty cycle, the turn
on and turn off angles, which produce the required shaft torque, were found. The resulting control
characteristics of the duty cycle and turn on and turn off angles are presented in Fig.5.9 and
Fig.5.10 and Fig.5.11. The results have confirmed the control characteristics predicted by [40] and
[103].

The duty cycle, illustrated in Fig.5.9 varies aimost linearly with speed and is independent of the
load torque.
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Fig.5.9 Duty cycle for the tested CSRM

The turn off angle, illustrated in Fig.5.10 b and Fig.5.11 b is almost independent of the load torque,
and decreases for increasing operational speed. This is because at increased speed the phase
must be disconnected earlier to avoid or reduce the negative torque produced when the rotor
passes beyond the aligned position and the inductance variation has a negative slope.

The resulting turn on angles are illustrated as a function of the load torque and speed in Fig.5.10 a
and Fig.5.11 a, respectively. At a specified speed, the phase voltage is applied earlier to the phase
winding in order to produce more torque. This is seen in that the best turn on angle decreases for
increasing the load torque.
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Fig.5.11 Optimum turn on and turn off angles of CSRM as a function of speed

The efficiency characteristics measured on the CSRM are shown in Fig.5.12. They present a flat
shape over awide range of load torque as seen in Fig.5.12 a. In Fig.5.12 b, it may be observed that
the efficiency isimproved for increasing operation speed.
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Fig.5.12 Measured efficiency as afunction of the load torque for the CSRM. a) Efficiency vs. torque at different speed
values. b) Efficiency vs. speed at different torque values.

The loss distribution depends on the load torque, asillustrated in Fig.5.13, for 500 and 2800 [rpm].
In both cases the contribution of copper loss to the total loss increases for increasing load torque
and the proportion of core loss in the total loss decreases for increasing load torque. Operation at

increased speed makes the core losses become alarger proportion of the total loss.
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Fig.5.13 Lossdistribution as afunction of the load torque of the CSRM at 500 and 2800 [rpm]

5.3.3 Measurements on the SHARK air gap Switched Reluctance Motor (Shark SRM)

The optimisation procedure employed for the CSRM was aso applied to the Shark SRM. To
ensure a valid the basis of comparison, the control parameters of the Shark SRM were determined
by maintaining the duty cycle and the turn off angles of the CSRM and finding the optimum turn on
angle. The results of this procedure areillustrated in Fig.5.14.
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Fig.5.14 Turn on angle as afunction of the load torque at different speed values.

Comparing Fig.5.10 and Fig.5.14, for the Shark SRM, the phase voltage has to be applied later than
itisfor the CSRM. Thisisadirect consequence of the improvement of the flux linkage provided by
the Shark air gap. The delayed in turn on angle determines a reduction of the RM S current, asit will
be discussed in section 5.4.

With these control parameters, the measured efficiency characteristics are given in Fig. 5.15. They

present a flat shape over a wide range of the load torque (Fig.5.15 a) and the efficiency improves
with increasing operational speed (Fig.5.15 b).
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Fig.5.15 Measured efficiency for the Shark SRM. a) Efficiency as afunction of torque at different speed values. b)
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At rated speed (©=2800 [rpm]) the loss characteristics of the Shark SRM as a function of load
torque are presented in Fig.5.16. Asin the CSRM, the contribution of copper loss to the total loss
increases with the increase in load, whilst that of the core loss decreases with the increase in load.
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Fig. 5.16 Loss distribution in Shark SRM at 500 and 2800 [rpm]

5.3.4 Measurements on the brushless DC motor (BLDCM)

The measurements on the BLDCM were performed applying a controller kit from Agile Systems,
whose features are given in Appendix D.1. A ring of permanent magnets was installed outside the
motor frame in order to provide the position signals for commutation of the phases. Measurements
were taken at different speed and load torque values. The measured efficiency characteristics are
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shown in Fig.5.17. The efficiency increases with operational speed up to the rated speed of 2250
[rpm]. Increasing further the speed, the efficiency decreases.
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Fig.5.17 Efficiency characteristic at rated speed of 2250 [rpm]

The loss distribution at rated speed is shown in Fig.5.18. It should be noted that the core |oss makes
the largest contribution to the total loss.
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Fig.5.18 Lossdistribution in [W] at 2250 [rpm]
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5.3.5 Summary

In this section the results of the tests made on an Induction Motor, a cylindrical air gap SRM, a
Shark SRM and a permanent magnet brushless DC motor have been presented. The motors
dimensions are given in Appendices A.1, A.2, A.3 and A.4. All the four motors were tested at
operating points, specified in Fig.5.5.

Because the efficiency of an SRM is strongly dependent on the control parameters, the data for the
CSRM and the Shark SRM were processed for that combination of control parameters, which
provided the optimum efficiency. The procedure used to determine the optimum control parameters
was inspired by the discussions from references [40] and [103].

The results indicated that at rated load torque and rated speed the IM has an efficiency of 79.8 %,
the CSRM of 86 %, the Shark SRM of 88 % and the BLDCM of 90 %. The rated torque and speed
of the IM, CSRM and Shark SRM were 1.9 [Nm] and 2800 [rpm] and those of the BLDCM were
1,1 [Nm] and 2250 [rpm].

5.4. Comparison of the motors

In this section, the four motors, whose test results have been presented in the previous section, are
compared. The comparison considers the size and the steady-state performances.

5.4.1 Size comparison

The geometrical constraints determine a particular material distribution within the magnetic circuit
of the four motors and affect the magnetic capabilities of the circuit.

In Table 5.3, the main dimensions of the radial cross-section and the stack length are specified for
the al motors used in comparison. It may be observed that:

* Air gapsof the M, CSRM and Shark SRM are identical. The BLDCM has alonger air gap
but this does not make much difference because of the use of permanent magnets —Table 3,
row 5

e Thewidth of the stator yoke of the IM and SRM are similarly, and they are both larger than
that of the BLDCM, Table3, row 8. This is because the BLDCM has 8 poles compared to
only 2 polesin IM and SRM —row 4

o Stack lengths of IM, SRM and Shark SRM are identical, whilst the stack length of the
BLDCM is about 30% point shorter than in the other 3 motors, row 11.

» Assuming that the coefficient from equation (5.1) are identical for the considered machines,
it may be concluded that the BLDCM was design for a rated output power of about 50 % of
that of the IM and CSRM.

These geometrical dimensions determine the mass distribution, which is shown in Table 5. 4 and
illustrated graphically in Fig.5.19. The materials used are valuable indicators of the cost of the
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motor. Knowledge of the mass distribution allows estimation of the relative prices of the motors.
Following the procedure from Appendix D.1, the CSRM was the cheapest motor, from the material
cost point of view, while the IM was the most expensive. If the BLDCM were to be built with the
required stack length, then this one would be the most expensive one.

Table 5.3 Geometrical dimensions of the radial cross-section and the stack length

row Parameter Parameter | Unit IM SRM Shark | BLDCM
name symbol SRM

1 phase number phase - 3 3 3 3

2 number of stator poles | Ns - 6 6 15

3 number of rotor poles Nr - 4 4 8

4 number of poles p - 2 2 2 8

5 air gap length g [mm] 0.30 0.30 0.30 0.50
6 stator outer diameter Ds [mm] | 106.50 106.50 106.50 106.50
7 rotor diameter D, [mm] | 54.40 52.60 52.60 53.40
8 stator yoke width Syoke [mm] | 13.65 11.65 11.65 5.00
9 rotor yoke width Ryoke [mm] 4.95 8.20 8.20 14.70
10 | shaft diameter D [mm] | 20.00 20.00 20.00 20.00
11 | stack length | st [mm] | 60.00 60.00 60.00 40.00

The following observations may be made for the datain Table 5.4 and Fig.5.19:

e SRM uses the smaller amount of copper. Compared to the IM, which has the identical
length of the lamination stack, the difference is due to the longer end winding in the IM,
Table 4, rowl.

» BLDCM uses of a smaller amount of iron as its stack is 33% shorter than the stack of the
IM and SRM. The SRM uses dlightly less iron compared to the IM. This is due to the fact
that moreiron is cut off in order to create the stator and rotor poles, Table 4, row 3

* The smallest amount of active material, used to produce the required MMF, isin the SRM,
Table 4, row 5

Table 5.4 Distribution of the massin IM, CSRM, Shark SRM and BLDCM

row Parameter Parameter | Unit IM CSRM | Shark | BLDC
name symbol SRM M

1 copper mass Mcy [Kg] | 0.959 |0.479 |0.479 |0.787
2 aluminium mass Mal [Kg] | 0.221 | - - -

3 iron mass Mee [Kg] | 2810 | 2587 | 2587 | 1.654
4 permanent magnet mass Mpwm [Kg] | - - - 0.110
5 total material used for excitation | Mo [Kg] | 1.178 | 0479 |0.479 | 0.897

(1+3+4)
6 total mass (2+5) Mhotal [Kg] | 3988 |3.066 |3.066 |2.552

® Mexatation 1S the total mass of the material's used to produce the mmf required for magnetization of theiron regions. It
consists of mpy , Mg, and M.
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5.4.2 Steady-state comparison

Integral to any comparison of the four motors, the electromagnetic differences between them must
be mentioned. One of them is that the motors are not wound for the same voltage, which affect the
phase current and consequently the copper loss. Thismay be seenin Table 5.5, rows 3, 4 and 5.
Another difference is that the BLDCM is actually designed for a smaller rated power than the other
motors. However, it can be operated at similar operating points as the other motors due to its
overload capability. Thus, the comparison may be performed at similar working points as shown in
Table 5, rows 1 and 2. However, thisisunfair for the BLDCM.

The output coefficients, which are compared in this section are:

Efficiency
Lossdistribution
Power factor
Electric and magnetic loadings
Torque per current square

®oo oW
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Table 5.5 Geometrical, electrical and magnetic variables of the IM, CSRM, Shark SRM, BLDCM.

row | Parameter Parameter Unit IM CSRM | Shark | BLDCM
name symbol SRM

1 torque T [Nm] 185 |19 19 1.9

2 Speed ® [rpm] 2822 | 2800 | 2800 2800

3 turns per phase Nph 420.00 | 556.00 | 556.00 | 225.00

4 current lrms [A] 1.25 1.32 1.14 4.00

5 phase resistance Ron [Q] 13.7 11 11 1

6 magnetomotive force | MMF [A turns] | 525.00 | 778.00 | 634.00 | 900.00

7 magnets pm MMF [A turns] - - - 1338.00
magnetomotive force

8 total magnetomotive | total MMF [A turns] | 525.00 | 778.00 | 634.00 | 2238.00
force

9 rotor diameter Dy [mm] 56.00 | 55.20 | 55.2 54.40

10 | electric loading AL [A/mm] 1840 | 28.30 | 23.00 32.20

11 | magnetic loading By [T] 0.28 014 | 024 0.57

(0.79

12 BgA: [TA/mm] 5.20 4.00 | 550 18.40

13 | power factor pf - 0.82 045 | 0.50 0.90

14 | output power Pout [W] 548 558 558 558

15 | stator conductiveloss | Pcu(y [W] 73.3 58 40 50

16 | rotor conductiveloss | Pajn [W] 35.3 - - -

17 | total conductiveloss | Pcug [W] 1086 |58 40 50

18 | electromagnetic Pem [W] 607.7 |588.4 |586.3 |630
power

19 | coreloss Pre [W] 1793 | 2539 |233 116

20 | friction and windage | P:y [W] 6.7 5 5 6
loss

21 | input power Pin [W] 681 6464 | 626.3 | 680

22 | total loss AP [W] 133 92 82 121

23 | efficiency n [%0] 80.5 86.4 88 82

a. Efficiency

The efficiency expresses the capability of the electric motor to convert the electrical energy into
mechanical energy. The efficiency may be calculated by the ratio of output power, P, , to input

power, P, :

P

out

/72_

P

n
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The efficiencies, calculated from the measured input and output power for each of the 4 motors, are
shown in Fig.5.20 as a function of the load torque. The test speed is 2800 [rpm] for all the motors
except the IM.
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Fig.5.20 Measured efficiencies of IM, CSRM, Shark SRM and BLDCM, as a function of load torque at 2800 [rpm].

The comparison may be unfair for the IM and BLDCM because the IM is testes at nominal voltage,
without any control strategy whilst the BLDCM was designed for a different rated power.

The CSRM and the Shark SRM may be directly compared as their dimensions are similar *° and the
control parameters were determined in similar manner. The control strategy and the optimum
control parameters have been discussed in sections 5.3.2 and 5.3.3.

The IM, having the main dimensions identical to those of the CSRM, is supplied with rated
sinusoidal voltage. As shown in [96], the control strategy improves substantialy the efficiency, at
reduced load, of the IM. However at load torque bigger than about 70 % of the rated torque, the
control strategy has no influence. Therefore at such load torque the measured efficiency of the IM
can be directly compared with those of the CSRM and Shark SRM. This means that, at the rated
working point the IM may be directly compared to the CSRM and Shark SRM, keeping in mind
that the motors are not wounded for identical voltages.

From Fig.5.20, it can be seen that the efficiency of the Shark SRM is 2 to 3 % point bigger than that
of the CSRM. This indicates that the Shark air gap has a substantial influence on the energy
conversion, provided that the only difference between the two motors is the shape of the air gap.
The improvement of the efficiency is more significant at reduced load, where the iron core of the
machine is not saturated. This conforms to the conclusions drawn in chapters 3 and 4. The

10 as shown in chapters 2, 3 and 4, there is only the air gap shape, which is different in the two SRMs
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efficiency improvement isillustrated in Fig.5.21. It can be noticed that the general tendency is that
the efficiency improvement decreases by increasing the load torque and/or the speed.
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Fig.5.21 Efficiency improvement in Shark SRM as a function of the load torque, at different speed

The measured efficiency of the standard IM is the smallest compared to the other three motors. As
aready mentioned the absence of any control strategy makes a big difference at low load, but
almost no difference at load of above 70 % of the rated torque [92].

b. Lossdistribution

Although, it provides valuable information about the conversion process, the efficiency does not
say anything about where the lost power goes. In this section, the origin of the losses in the four
motorstested isidentified, then the copper loss is analysed.

The nature of loss in an electric motor is electrical, magnetic and mechanical. The electric or
conductive loss is due to the heating effect of current flowing through stator and/or rotor windings.
This loss component depends on the total resistance of the conductor material and on the square of
the rms value of the current.

The magnetic loss, named also iron or core loss is the power lost due to changing magnetisation of
the iron regions. The magnetic loss is due to eddy currents, which may find paths through the iron,
and to hysteresis, which is specific in any material with magnetic properties.

The mechanical loss is produced by bearing friction, loss in the ventilation system, and any other
source of friction or air movement in the motor.

During the conversion of the electrical energy into mechanical energy all these losses are dissipated
as heat. In Fig. 5.22 asimplified diagram of the conversion processes is presented.
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Fig.5.22 Conversion chain in electric motors

The following discussion considers only the rated working points. In Table 5.5, the input, output
and loss power are given. It may be observed that the CSRM uses | ess electric power to produce the
required output, than the IM. Moreover, the energy conversion is improved in the Shark SRM as
less copper loss is produced.

The analysis of the losses, calculated in Table 5.5, shows that:

» The copper lossin the IM has the biggest value compared to the SRM. Copper losses occur
in both stator coils and rotor bars in the IM whilst in the SRM there is power loss only on
the stator side.

e Theiron losses are not much bigger in CSRM and Shark SRM (about 4% point of those in
IM) compared to the IM. Thisis remarkably as the SRM has non- sinusoidal magnetic flux
flowing through the iron regions. However the unipolar flux waveforms are an advantage
for the SRM.

Copper loss

The copper loss depends on the resistance of the coil and on the current flowing through the
conductors according to the expression:

PCu = ph ERph O rrr152 (5.4

where: ph is the number of phases; Rph is the phase resistance and |, is the phase rms
current.

The data in Table 5.5, show that in order to deliver similar output power, the CSRM needs more
current than the IM, but this may be due to the fact that they are not wound for same voltage. The
current required by the Shark SRM to produce the rated torque is lower than that required by the
CSRM to produce the same torque. This is exclusively due to the improvement of the magnetic
circuit provided by the Shark air gap.

The influence of the load on the copper loss is presented in Fig.5.23. In the IM the copper loss has
the highest gradient with respect to the load torque. It isimportant to notice the reduced copper loss
in the Shark SRM compared to the CSRM. The copper loss of the BLDCM is bigger or equal to
that of the Shark SRM, but again, the BLDCM iswound for alower voltage than the Shark SRM is.
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Fig.5.23 Copper loss variation with load torque at rated speed ®=2800 [rpm]

The effect of the Shark air gap on the stator current is reduced by increasing the load torque. If at
low load the current required by the Shark SRM is 59 [%)] of that of the CSRM, at rated the Shark
SRM needs a current of 81 [%)] of that in the CSRM.

Table 5.6 Reduction of the excitation current in Shark SRM at 2800 [rpm)] and different load torque

row | T/T, 0.26 0.47 0.78 1

1 | Shark SRM 0.36 0.63 0.89 1.14
2 lcsrm 0.6 0.8 1.14 14
3 | shark srm/l csrm [%0] 59 77 78 81

c. Electric and magnetic loadings

The torque produced by an electric motor may be expressed function of the air gap diameter, stack
length, electric and magnetic loading. The last two variables are defined in relation to the air gap
circumferentia length and they indicate how much load (electric and magnetic) isin the air gap. In
this section these two variables are defined for each of the considered machine.

The eectric loading in IM represents the total RMS current (N oh [l;ms) per unit length of
periphery of the machine. In a ph -phase machine, having N ph turns in series per phase, there are
Ph Ny, turns carrying a current lims. As each turn has two sides, the total MMF around the air

gapis 2[ phl Nph [l ,ps- The armature electric loading is then defined by:
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_20phINg, [
- b,

(5.5)

where D, istherotor outside diameter.

The magnetic loading, represents the average magnetic flux density, B , over the surface of the air
gap. If the flux density is assumed sinusoidal distributed, the fundamental flux per pole, @ pole: 1S

given by:

= (nlD
q)DolezB SKZEp rl:Nph (5.6)

For comparison purposes the electric and magnetic loadings must be defined also for the SRM and
BLDCM. In the BLDCM there is no difficulty in defining these parameters as the stator is similar
to the stator of an IM

To define the electric and magnetic loadings of the SRM, in a similar manner as it is done for the
IM, the notion of time average flux linkage™ was introduced by Harris [91]. Using this variable the
electric loading may be defined in the SRM according to equation (5.5). This suggests that the total
MMF is considered to produce the average shaft torque. The time averaged phase flux linkage helps
in defining the average flux density in the air gap, which is produced by the total MMF considered
in equation (5.5). The equation which expressesthisideais:

M@, = Bg O7D, N, (5.7)

It must be noticed that the average flux linkage E ph is multiplied by the number of phases ph. In

this way the total flux linkage produced by all ph phases is taken into account. This total flux is

produced for the pole pair specific to the SRM configuration. Equation (5.7) suggests that the
average flux density in the air gap of a SRM is produced by each phase separately and not by the
contribution of theall ph phases together asin the IM.

The magnetic loading directly influences the core loss and the magnetising current. Thus, it has an
important effect on the power factor. It is limited by saturation and losses in the teeth. The electric
loading affects the copper losses and the armature reaction in the IM. The electric and magnetic
loadings for the tested motors are given in Table 5.5, rows 11 and 12.

The SRM does not use the air gap area efficiently, compared to the IM and BLDCM. The electric
loading in the CSRM is bigger than that in the IM or BLDCM. The Shark SRM improves the
utilisation of the air gap, as for the same air gap diameter, the current necessary to magnetise the
magnetic circuit is smaller than in the CSRM.

1 average flux linkage is about half the peak flux linkage during a stroke because of the approximately triangular shape
of the flux linkage with respect to the rotor position.
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d. Power factor

The power factor isinfluenced by both the nature of the load (resistive, inductive or capacitive) and
the shape of the voltage and current waveforms supplied to the motor terminas. The load is
inductive in all four motors, but the voltage and current wave shapes are different:

 ThelM issupplied by sinusoidal currents

* The CSRM and Shark SRM the voltage supply has a square wave shape whilst the
current shape depends on the speed and load torque

* TheBLDCM issupplied by square wave voltage.

Bearing these observations in mind, it may be observed, from the measured power factor
characteristicsillustrated in Fig.5.24 that:

e The Shark air gap has an improved power factor compared to the SRM. This is
because the Shark SRM is equivalent to a motor with the same stack length but a
shorter air gap length (see chapter 4). The equivalent shorter air gap reduces the
reluctance of the magnetic circuit and consequently less magnetisation current is
required. The amount of the improvement may be determined from:

PR = meen! phese (58)
U rms D rms

providing that the power produced per phase and the rms voltage are identical in

CSRM and Shark SRM. As the current required by the Shark SRM to produce 1.9

[Nm] was 81 [%)] of that required by the CSRM to produce the same torque, it may

be concluded that the power factor of the Shark SRM would be 1.23 times bigger

than that of the corresponding CSRM. This may be seen in Fig.5.24.

 The power factor of the BLDCM is greater than that of the IM, due to the

permanent magnets, which are the main source for magnetisation of the magnetic
circuit.
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power factor
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Fig.5.24 Power factor characteristics for the IM at o = 2820[rpm] CSRM, Shark SRM, BLDCM at (w = 2800[rpm])

e. Torque-current square

Torgue as a function of the square of the current expresses the capability of the magnetic circuit to
produce torque at a specified current value. The capability of the SRM to produce torque is
improved by the Shark configuration of the air gap. The curves shown in Fig. 5.25 are strongly
influenced by that the four motors are not wound for the same voltage.
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Fig.5.25 Torque vs. current square characteristic at o= 2800 [rpm] for CSRM and Shark SRM and at ©=2822 [rpm] for
the M
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f. Specifictorque
The torque to weight ratio provides the basis for estimation of the relative cost of different motor
technologies. The following ratios are defined:

e Torqgue per unit iron mass T/Miron
Torgue per unit copper mass T/mcy
Torque per active mass T/Mqctive

From the data presented in Table 5.6-rows 1, 2 and 3, it may be seen that in order to produce the
same output power, at a specified working point, the CSRM needs less material per unit mechanical
torque.

Table 5.6 Torque to volume and torque to weight ratios for IM, CSRM, Shark SRM and BLDCM

row | Parameter name Parameter | Unit IM CSRM | SharkSRM | BLDCM
symbol

1 |torque per iron mass T/Miron [Nm/Kg] |0.65 0.73 1.05 1.15

2 |torque per copper mass | T/mcy [Nm/Kg] |1.93 3.97 5.71 2.40

3 |torque per activemass | T/Maiive | [NM/Kg] | 0.47 0.62 0.87 0.74

g. Annual energy consumption

The annual energy consumption was calculated for three load profiles, illustrated in Fig.5.26 [96].
The corresponding energy consumed over ayear isillustrated in Fig.5.27. The figures show that the
Shark SRM isthe best of all the motors considered. It should be borne in mind that this comparison
is unfair for the BLDCM, as this was designed for a different rated point than that of the IM and
CSRM.
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Fig.5.26 Three annual load profiles used to calcul ate the annual energy consumption.
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Fig.5.27 Annual energy cost for the 0.55[kW] motor in three cases of load profiles

Summary and conclusions

In this chapter, the results of the measurements conducted on four different motor types have been
presented and discussed. An IM, a CSRM, a Shark SRM and a BLDCM were tested in static and
steady-state conditions. The steady-state tests were performed at operating points specified by
torque-speed values. All the measured data were used to calculate some output parameters, which
were thought to highlight the differences between the different motor technologies.

Initially, the comparison of the motors involved, a size comparison, which has showed that the IM,
CSRM and the Shark SRM have identical stack and air gap lengths ensuring equals el ectromagnetic
volumes. The BLDCM has, however, a smaller electromagnetic volume and a longer air gap but
this difference does not significantly affect its performance due to the use of permanent magnets.

Subsequently, the efficiency, electric and magnetic loadings, power factor and specific output have
been compared. The comparison of the CSRM with the Shark SRM indicated that applying the
Shark air gap improves the efficiency and power factor of the CSRM. This performance is obtained
as less RMS current is necessary to produce a specified torque because the energy conversion loop
islarger due to the higher flux linkage induced in the magnetic circuit of the Shark SRM.

The CSRM and the Shark SRM have also been compared with an IM and a BLDCM. Some
essential differences such as coils designed for different voltages, optimisation for different
working points and absence of any control of the IM may make this comparison unfair for some of
the motors. However, an interesting conclusion may be drawn regarding the Shark SRM. This is
that the proposed concept is viable and may be applied to substantially improve the performance of
acylindrical air gap motor.
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Finally, the annual energy consumption was determined for each of the motor considered. The
Shark SRM was found to be the best among them, provided the differences mentioned above were

applied.
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Chapter 6

Manufacturing considerations for the Shark
Switched Reluctance Motor

The manufacturing of electric motors fals generally into two categories. manufacturing for
prototyping and industrial manufacturing. These two aspects differ in that closer tolerances and
more complicated assembly technologies may be used for prototyping. In industrial manufacturing,
the focusis on simple and low cost assembly operations.

In this chapter, manufacturing the Shark SRM is discussed. The experience gained during the
assembly of the saw-toothed air gap SRM suggested solutions for simple assembly of Shark SRMs.

This chapter is organised to underline the peculiarities of assembly raised by Shark structures.
Initially, the constructional differences between the cylindrical and the Shark air gap SRMs are
identified. Then, each difference is discussed and specific solutions proposed. The manufacturing
problems, which were identified, are: forming the Shark air gap, assembly of stator and rotor, coil
insertion, axial aignment of stator and rotor lamination stacks.

6.1 Motivation and objective

The Shark concept is intended to provide a more efficient substitute for more usual electric motors.
Thus, the Shark SRM has to compete not only in the area of magnetic capabilities but also on that
of manufacturing. As the process of manufacturing the saw-toothed air gap machine revealed
specific problems, it was considered necessary to present and discuss them and to suggest possible
solutions.

The assembly of a Shark SRM raises generally four problems, which may be identified by
examining the cylindrical air gap and saw-toothed air gap SRMs from Fig.6.1:

(8) The special air gap geometry of the Shark SRM demands a time consuming forming process
because different laminations are necessary to build one machine. This is as opposed to the
cylindrical air gap SRM, where a single type of lamination suffices.

(b) For most SRM configurations, the Shark air gap geometry makes the direct insertion of the
rotor stack into the stator stack impossible. An onerous assembly procedure, consisting of

147



Chapter 6 Manufacturing considerations for the Shark Switched Reluctance Motor

simultaneous forming of stator and rotor stacks, was used to assemble the Shark SRM used
in this project. It will be shown that an easier assembly method may be possible for specific
Shark SRM configurations.

(c) The coils cannot be directly inserted into slots asis the case in the cylindrical air gap SRM.

(d) The alignment of stator and rotor stacks along the longitudinal axis of the machine requires
gpecial attention. In chapter 4, it was shown that a dight misalignment along the
longitudinal axis, produces an unbalanced electromagnetic force acting on the axial
direction. This force tends to increase the initial unbalance and if the axial displacement of
the motor is not prevented, this force may impede the mechanical rotation of the rotor. As
this was experienced during the assembly of the demonstration machine, the solution used
to solve this problem is discussed in this chapter.

Fig.6.1 Schematics of the CSRM and Shark SRM illustrating the differences between the cylindrical and saw-toothed
air gap SRMs

6.2 Cutting of lamination and of lamination stack for Shark
Switched Reluctance Motor

To cut the laminations for electrical machines, shearing or advanced machining processes such as
electroerosive, laser beam or water jet machining [111], [112] may be used. The most appropriate
method was selected as a function of the efficiency of operation-to-cost ratio. Each cutting
technology has advantages and disadvantages associated with using it for Shark SRM. Therefore,
the process of forming the air gap of the Shark SRM isinvestigated in this section.

The framework of the discussion is set by the thickness of the lamination sheet, hardness and by the
quality of cutting (tolerance). The features of the material used in electrical machines are
determined by:

» thethickness of the lamination sheet, which is generaly in the range 0.15to 1 mm
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« the hardness of the materia (hard silicon steel), which is generally in the range 65-80Rb®!
[113]

The requirements for the quality of the surface are defined by:
» thetolerances at the surface level. This requirement has impact on the air gap symmetry.

» the quality of the surface —that is absence of burrs. This requirement assures that the
insulation of the lamination is not damaged by the penetration by burrs in the insulation
layer.

6.2.1 Shearing process

During the shearing process, the lamination part is made by removing a blank from a large sheet of
material. Thisis, the sheet is cut by subjecting it to the shear process between a die and a punch as
shown in Fig.6.2 Among various shearing operations, punching and blanking are used to cut
laminations for electrical machines. During the punching operation, the lamination is the part that is
removed from the large sheet of material. In the blanking operation, the slug is removed and the
remaining material is the lamination part.

h
o pUne | punch |
workpiece workpiece
die [qq die blanked
finished
part
a) punching operation b) blanking operation

Fig.6.2 Shearing operations.

The shearing process, illustrated in Fig.6.3, starts with the formation of cracks at the top and bottom
edges of the metal sheet. When these cracks meet, the separation of the blank is complete. An
examination of the resulted surface reveals:

a) Some roughness appears at the surface of the cracks during shearing. In [103] it is shown
that the clearance between the punch and the die affects the quality of the surface of the cut
edge. For large clearances, materia tends to be pulled into the clearance zone causing a
much rougher surface than is the case when the narrow clearance is small. The punching
speed aso affects the quality of the surface by determining the ratio of the burnished surface

61 the hardness of the material is determined by Brinell, Vickers, Rockwell test by measuring the depth of an
indentation left by an indenter of a specified shape, with a specific force applied for a specific time [103].
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b)

shear stress sheet

in material \ punch : material
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to the rough area (see Fig.6.6 b). At higher speed, the heat generated is confined to a smaller
zone and the rough areais reduced.

Burrs form at the bottom edge of the work piece, in the direction of movement of the punch.
The burrs, may penetrate the inter-lamination insulation and, reduce the effect of the
insulation layer against the interlamination eddy currents. Due to pressing of the lamination
stack, during assembly, burrs establish metal-to metal contact at lamination edges. In this
way the eddy currents may flow between laminations.

Stresses are created in the material during sheering due to distortion of the crystal structure.
Magnetic experiments [106] indicated that such stresses may affect the magnetic properties
of the lamination at sOme distance from the cut edge often said to be equal to the lamination
thickness. This results in reduced permeability. In order to eliminate the stresses from the
materia the finished lamination may be annealed.

punching

C ! force
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die burr

B B
a) Punching operation b) Resulting edge after punching

Fig.6.3 Illustration of the punching operation

From the above discussion it seems that the punching operation may be succesfully used to cut
straight edges on thin steel sheetsif appropriate clearance, punching speed and force are used.

However, the saw-toothed air gap SRM, requires that the edge of the lamination is cut at a specific

angle and this seemsto be difficult by using shearing process.

6.2.2 Electroerosive Machining

Electroerosive machining utilises electric current, accompanied by a cooling liquid to remove a
certain amount of material from the workpiece. Electroerosive machining falls into two categories

[112]:

» Electrical-Discharge Machining (EDM)
» Electro-Chemica Machining (ECM)

EDM uses a wire electrode to cut shapes in conducting materials. The workpiece is formed by
slowly moving a wire along a prescribed contour as shown in Fig.6.4 a The cutting process is

based on the discharge electrical sparks between the wire and the metal surface [111].
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Fig.6.4 Schematic illustration of the wire Electrical-Discharge Machining process.

The surface of the metal is eroded at the point of contact with the wire. Due to the high temperature
between the electrode and the surface, the metal melts leaving a slight gap, shown in Fig.6.4 b.

The machine has the possibility of cutting various profiles at different angles within +30 [deg]. If a
different angle, outside this range were wanted, a new accessory tool is necessary. Because stacks
with various lengths may be cut by EDM, this technique may be used to produce the stack of the
saw toothed air gap SRM.

However, there are also disadvantages. The most noticeable of these is the effect that the EDM has
on the surface condition of the material. The high temperature between the electrode and the
workpiece causes the surface layer of the metal to melt and resolidify [112]. The layer underneath
the working surface is also affected. If the temperature of this second layer does not reach ucho
high levels as the surface, an alteration of the properties does occur [112] and asit was shown in the
previous section, the temperature affects the magnetic properties of the steel. However, a detailed
study of these effectsis not in the scope of thiswork.

6.2.3 Laser-Beam Machining

In Laser Beam Machining (LBM), the source of energy is a laser, which focuses optical energy on
the surface of the workpiece. The high energy density melts and evaporates portions of the
workpiece in a controlled manner. As in the EDM, the high temperature affects the surface
properties of the workpiece.

6.2.4 Water-Jet Machining

Water Jet Machining (WJM) iswidely used for cutting materials such as plastic, fabric or paper due
to the absence of the heat. To cut harder materials such as metal, abrasive particles are added to the

151



Chapter 6 Manufacturing considerations for the Shark Switched Reluctance Motor

water before it enters the cutting zone. This technology is called Abrasive Water Jet Machining.
The jet of water and abrasive particles is directed to the surface of the workpiece through an orifice
of 0.05to 1 mm in diameter at a rate of 0.5 to 25 liters per minute [115]. The concentrated force
makes a clean cut with practically no rags or burrs. The absence of heat represents the main
advantage.

6.2.5 Summary of cutting technologies

From the previous discussions it may be concluded that:
» all technologies, that were discussed, are capable of cutting metal sheet with straight edge.

o0 The punching operation produces burrs (undesirable for laminations used in
electrical machines), affects the structure of the material due to the heat and to the
shearing process. The quality of the surface may be controlled by the clearance ¢ and
the punching speed.

o the EDM and LBM have the advantage of leaving a cleaner surface free of burrs
due to the cutting being made by local contact between the workpiece and the
electrode. They present the disadvantage of high temperatures developed at the
surface of the metal, which affect the structure of the superficia layer.
Conseguently, the local magnetic properties and insulation layer may be damaged.

» for cutting metal sheet with edges tapered at a prescribed angle
o0 the punching technology does not guarantee the success

o the EDM, LBM and WJM offer the capability of cutting various shapes in a
controlled manner. However, the high temperature produced during EDM or LBM
cause changes of the local magnetic properties. On the other hand, the WIM does
not affect the structure of the superficial layers and produces a surface free of burrs
and rags.

» for cutting short stack of laminations

o theEDM and LBM have good capability for cutting on various contours but the high
temperatures affect the structure of the superficial layers. Therefore, according to the
machine design the laminations need surface treatment in order to restore the initial
properties.

o the WJIM provides clean surfaces without heat damage.

It may be concluded that the AWJIM seems to be the most appropriate technology for cutting
laminations with tapered edges. The EDM and LBM are also good candidates for cutting
laminations to be used in saw toothed air gap SRM. However, they have the disadvantage of
adversely affecting the properties of the surface layer of the workpiece. The punching operation is
more effective from the point of view of the time used to produce a stack but it will require special
diesif tapered edges need to be cut.
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Cutting technology employed for the saw - toothed air gap SRM
prototype

The lamination stack of the Shark SRM with saw-toothed air gap was cut using EDM. This decision
was taken as the University workshop owns such a machine Charmille-Robofil 330. The cutting
process consists of several steps and it is described in the following paragraphs.

The Shark SRM to be manufactured has the saw-toothed shape shown in Fig. 6.5 a. The lamination
material has the thickness of 0.5 [mm]. The pitch of the Shark teeth, l¢x is 4i/mm] and the total
stack length lg is 60 [mm], which gives a number of 15 Shark teeth. The main dimensions are
givenin Appendix A.2.

The technological process consists of several steps:
» stator stack forming

0 acomplete lamination stack, having the inner diameter equal to the minimum Shark
diameter Dy , was cut initially (see Fig.6.5 @)

o then groups of four laminations (half a Shark tooth) were formed at the prescribed
angle B using the wire EDM.

* rotor stack forming

0 acomplete lamination stack, having the outer diameter equal to the maximum Shark
rotor diameter Dy, wasiinitially cut (see Fig.6.5 b)

o then each group of four laminations (half a Shark tooth) was formed at the
prescribed angle p using the wire EDM.
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a) stator stack b) rotor stack

Fig.6.5 Schematic of the technologic process
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6.3 Assembly solutions

Possible solutions to assemble the stator and the rotor stacks of the saw-toothed air gap SRM, are
considered in this section. These possibilitiesfall into the following categories:

(a8 Simultaneous assembly of the stator and rotor laminations by alternately adding stator and
rotor laminations.

(b) Split the stator stack into two parts, insert the windings directly and then assemble the two
stator parts in the final position (see Fig.6.6). However, cut 1 from Fig. 6.6 does not
completely solve the problem of coil insertion, because the coils of the two sectioned poles
cannot be directly inserted. Therefore, cut2 is considered more appropriate from the point
of view of coil insertion in the Shark SRM.

(c) Individual stator poles are wound separately. There are various versions of this solution for
example to split the stator into teeth and yoke sections, to split the stator into teeth sections
connected by a thin flange, to split the stator into teeth sections, connected by joints
allowing for relative movement of the sections. These solutions are already used in
industrial manufacturing [109] and areillustrated in Fig.6.7.

(d) Reduced number of Shark teeth. The stack of the Shark SRM consists of one single or one
half of a Shark tooth, as it is shown in Fig. 6.8. However, this solution degrades the
magnetic performances because the angle f is limited to a low value, to preserve a large
available winding area. In chapters 3 and 4, it was shown that the performance of the Shark
magnetic circuit, keeping the tooth pitch constant, was improved by increasing the height of
the Shark teeth or the angle .

(e) The selection of single or two phase Shark SRMs with configuration (4/2, 8/4, 12/6), would
allow for direct insertion of the rotor stack into the stator stack, as shown in Fig.6.9.

cutl
split acrossthe
pole region

Fig.6.6 Stator split into two parts facilitates the assembly of the Shark SRM. (source Mitsui High-tec).
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Sectioned stators

Fig.6.7 lllustration of the assembly solution of Shark structures by split stator [116]
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Fig.6.8 lllustration of the assembly solution of Shark structures with reduced number of teeth

Fig.6.9 Sketch showing the cores of a two-phase SRM motor
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6.4 Windings

Once the stator and rotor stacks are assembled, the cail insertion is the next step. At this point two
situations may occur. One is that the stator stack is split into two parts such as to allow the coils to
be directly dlipped into place. The second case is that of the stator lamination made from a single
piece. In this second case, the stator and the rotor stacks must be assembled by interweaving the
stator and rotor laminations as discussed in section 6.3. This assembly complicates the insertion of
the coils. The following discussion focuses on this latster solution because it was used to
manufacture the Shark SRM to be tested in this project.

6.4.1 Insertion of the coil into slots

The problem in the Shark SRM, with the assembly as described in 6.1 is that the coils cannot be
inserted directly into the slots. Coil assembly has to be done with the stator and rotor stacks already
assembled. It means that the coils may be wound by one of two methods. One method is to sew the
coilsinto slots using a shuttle. This operation would be time consuming. The second method isto
wind the coils separately and then dlip them into place as shown in this section.

The ideaisto place the rotor into to the position, which gives the maximum access to the stator slot
and place the coil with one side into the slot as shown in Fig.6.10.

A y ] A y
coil

v

Fig.6.10 Illustration of the process of cail insertion into a slot of a Shark SRM.

Then the rotor is gradually rotated to alow the second side of the coil to slip into position.
However, this solution is almost impossible, because the coail isvery big and it cannot easily be
inserted using the available space between the stator and rotor poles.

Therefore, the coil of each pole was divided into two half coils, which are easier to insert into the
dot. The complete processisillustrated in Fig.6.11.

The coil has also to be protected against insulation damage during insertion by rubbing against the
Shark teeth.

Attention must be paid to the way the coil is dlipped from position ato position b because it is very

likely that the outer turns of the coil will chafe by rubbing against the Shark teeth on the surface of
the stator and rotor poles (Fig.6.11 b and c). In order to prevent chafing two actions may be taken:
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» Install aprotective layer at the surface of the Shark indentation
» Protect the coils by packing them in a protective material

slot
insulation

linsx

coil 2
a) b) ©) d)
Fig.6.11 Coil insertion for the saw toothed air gap Shark SRM.

A better fill factor of the winding area may be achieved by reshaping the coils, to fill more at the
bottom of the slot.

6.5 Axial mounting

As discussed in chapter 4, the Shark SRM is characterised by the presence of axial forces. Axia
forces are produced on each side of the Shark teeth. In the case of a perfect axia alignment of the
Shark teeth, the axial forces acting on each side of each Shark tooth are equal and cancel each
other. When a small axial displacement exists between the stator and the rotor stacks, an
unbalanced magnetic field is produced. Consequently, the axial force components are no longer
equal and a resultant axia force acts on the rotor body. The action of this force is to increase the
initial displacement exacerbate the problem. The analysis of chapter 4 highlighted quantitatively
this effect of axial displacement.

The axial force may make the operation of the Shark SRM impossible, if inappropriate assembly of
the machine were performed. In order to identify solutions for this problem, these situations, which
may cause axia displacement were initially identified as:

(a) inaccurate axia alignment (Fig.6.12 a), which is likely to happens as there is no possibility
to check the alignment accurately.

(b) lamination stacks extension at the air gap end due to the tightening of the stacks (Fig.6.12
b).
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tightening
screw =

F
N deformation\ —f x le—
of the stack M J
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I:ring

a) b)

Fig.6.12 Schematics of misaligned Shark teeth. a) inaccurate mounting. b) lamination stack extension due to the
tightening force

The solutions to be considered are mainly of two natures:

(a) Measure to prevent any initial misalignment. The extension of the stator stack may be
avoided by using two support rings mounted one at each end of the stator stack. The two
rings press the stator stack in the region of the Shark teeth tips (Fing in Fig.6.12 b), assuring
that the two ends are parallel.

(b) Measure to prevent axial movement of the rotor in the stator stack, during operation. To
prevent this, spring washers are mounted behind the bearings to oppose to the maximum
axial force, which may be produced in the air gap of the Shark SRM.

6.6 Summary and conclusions

In this chapter, the manufacturing process of a three-phase 6/4 Shark SRM was discussed. It was
shown that the main difficulties are caused by the presence of the saw-toothed air gap. These
problems fall into several categories such as: insertion of the coils into dots, insertion of the rotor
stack into the stator stack, prevention of the axial movement of the rotor. Based on the experience
gained during the manufacturing process, suggestions are made for a simple assembly of the Shark
SRM.

The winding technology was also considered for the prototype Shark SRM. Of course, the easiest
solution is the direct insertion of the coils when the general assembly allows it. Otherwise, the
method of rotor rotation and coil slipping or the sewing of the coil may be employed. For the
machine built in the workshop, the first method was employed as it allows the forming of the coils
prior the insertion into dlots.

The axial alignment and movement under the action of the axial forces was also considered in this
chapter. The general actions to be taken are to prevent the initial misalignment and prevent axial
movement of the rotor body under the axial forces. The solutions employed in the prototype built
for this project were respectively a ring that forces the two ends of the stator stack to be parallels
and wave-springs which preload the bearings and prevent any undesired axial movement.
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Chapter 7

Summary and Conclusions

The research documented in this report is rooted in the efforts to reduce the energy consumed by
electric motors. Thiswork was motivated by the idea that the efficiency of a specified electric
motor may be improved by replacing the usual cylindrical air gap by anon-linear air gap. Thisidea
is not new, other reports addressing this subject being published prior to thiswork [1], [2], [3], [4],
[5], [6]. However, no systematic analysis has been reported. The focus in these publications was
mostly to prove that the concept work. It may be appreciated that the applicability of this concept,
called Shark in [1], was not considered seriously, probably because of the assembly difficulties
caused by the non-linear air gap. However, these problems may be overcame by nowadays
technologies[117]. Therefore, it was appreciated that a detailed analysis of the effect of the Shark
air gap on the performances of electric motors might be of interest. The methodology of the study
was determined by the lack of analysistool for Shark air gap machines. As'vehicle' for this study, a
Switched Reluctance Machines was considered due to its ssmple geometry.

The study considered the linear analysis and the Finite Element Analysis as main tools capabl e of
providing basic knowledge of the magnetic behaviour of various air gap shapes applied in SRM.
Based on these data, an analytical model, describing the magnetisation characteristics of the Shark
SRM in aligned and unaligned rotor positions, was conceived. The modelling principle was to adapt
one of the existing models of cylindrical air gap SRM such as to account for the influence of the
Shark profilesin the air gap. This model was used to generate family of characteristics showing the
relative improvement in terms of converted energy of the Shark SRM with respect to a cylindrical
air gap SRM, having identical main dimensions.

The calculations were verified by measurements on two machines having cylindrical and saw-
toothed air gap. Furthermore, an Induction Motor and a brushless DC motor were compared to the
two SRMs.

In the following paragraphs each chapter of this report are summarised and their achievements are
confronted to the objectives of this project.

7.1 Summary of the thesis
Linear and finite element analysis

It was appreciated that a step-by-step analysis shall be performed as to identify as many as possible
features of the proposed air gap shapes. Therefore, alinear analysis was made initially, providing
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basic information about various Shark profiles. This was followed by finite element analysis of
various Shark air gaps, allowing for consideration of the non-linear properties of the magnetic
material and highlighting the saturation mechanisms specific to each Shark air gap.

Various air gap shapes such as saw-toothed, square-wave, trapezoidal, elliptical air gaps were
considered. Some of them were gradually eliminated (elliptical air gap) from the study because it
was considered that the manufacturing process would be too complicated.

There were built Finite element models of various Shark SRMs and 2D FEA was the solution
preferred such as to save computation time. To account properly for the effect of the Shark air gap,
the axial cross-section of the motor was modelled instead of the radial cross-section of the motor.

The effect of each dimension of the Shark profile on the energy conversion process was studied by
using these models.

The ultimate goal of this analysis was to select the optimum Shark air gap, by optimum Shark air
gap being understood the shape and dimensions of the Shark profile.

The finite element analysis revealed that:

» The saw-toothed air gap SRM produces, at any value of the excitation current, more flux
linkage than the CSRM

* Thesquare-wave air gap SRM produces, at low current, more flux linkage than the CSRM
and the saw-toothed air gap SRM

» Thesquare-wave air gap SRM produces, at high current, less flux linkage than the CSRM

» The Shark SRM with trapezoidal teeth is the generalisation of the saw-toothed and square-
wave geometries. |ts magnetisation characteristic has values between the characteristics of
the saw and square wave air gap SRM. |ts shapeis affected by the value of the parameter

l1p» Which defines the geometry of the Shark tooth. For Iy, /14, =0.5, the trapezoid tooth

takes the shape of the square-wave tooth, whilst for |y, /14y =0, it has the shape of the saw
tooth.

It resulted as well that the saturation of the Shark profile occurs at different locations according to
the specific shape:

* Atthetip of the Shark tooth in the saw profile
* Attheroot of the Shark tooth in the square wave profile
There were also revealed the possibilities to improve the flux linkage induced in the magnetic

circuit of the Shark SRM. These solutions were formulated such as to reflect the influence of each
dimension of the Shark profile. They are summarised below.
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For Shark teeth having tooth pitch constant:
» Saw profile: flux linkage increases as the height of the tooth increases

» Squarewave profile: at low current the flux linkage increases with the increase in height
but at high current the flux linkage decreases as the height of the tooth increases

For Shark teeth having | 4, / Ny, =constant:

« Saw profile: the flux linkage s, at all current values, bigger than that of the CSRM aslong
asthe active region of the air gap is not smaller than 90% of the total air gap area.

« Sguarewave profile: The flux linkage, at low current, increases by increasing the tooth
pitch, as long as the active region of the air gap is not smaller than 85% of the total air gap
area.

For the condition hg, =constant:

» Saw profile: the flux linkage increases as the length, |4, increases

» Sguarewave profile: at low current the flux linkage increases with the decrease of the
length, lsk. At high current the flux linkage decreases as the length, |, decreases.

Thisanalysis revealed a clear difference between the saw and square-wave tooth. Thisisthat the
flux linkage induced in a SRM, having saw- toothed air gap, exceed at any current value the flux
linkage of the corresponding SRM, having cylindrical air gap. On the other hand, the flux linkage
induced in a SRM, having square-wave air gap is affected by saturation such as at a certain current,
its magnetisation curve, which exceeded that of the CSRM, will cross over and become smaller
than that of the corresponding CSRM.

Because the saturation plays an important role in SRM, this difference determined the selection of
the saw-toothed air gap. This shape produces more flux linkage at all current values.

The optimum dimensions of the saw profile were determined by using the energy gain calculated as
the ration of the energy converted in a Shark SRM to that converted in a corresponding CSRM. The
dimensions selected were a Shark tooth pitch of 4 [mm] and an angle [3 of 45 [deg].

Analytical models of the Shark profiles

The results of the previous studies were used to make an analytical model of the Shark SRM in
aligned and unaligned rotor positions. Thiswas wanted as a quick evaluation tool, which may be
used as a substitute to the finite element analysis. The analytical model proposed by this work was
thought such asto use the existing models of the cylindrical air gap SRM. To do thisthe air gap
dimensions of the Shark SRM were converted to the dimensions of an equivalent cylindrical air gap
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SRM. The conversion was made such as the static flux linkage characteristics of the two motors
were identical /similar.

The model was tested for two SRM configurations, by comparing the calculated flux linkage curves
of Shark SRM having different dimensions to those provided by FEA. However, more verifications
are necessary.

This model was then used to analyse the influence of the Shark profile dimensions on the energy
converted in the machine. The study of the relative performance of the CSRM and Shark SRM,
considering and neglecting the reduction of the winding area cause by the Shark profile, indicated
that the optimum dimensions of the Shark air gap are relatively independent of the winding layout.

By using the above model, the components of the forces produced in the Shark SRM were
analysed. It was shown that each Shark profile produces axial forces, which in the case of an axially
unsymmetrical air gap will determine aresultant axial force. If the axial movement of therotor is
not prevented, the resultant axial force may determine the failure of the operation. It resulted that
the radial force produced in a Shark SRM is smaller than that produced in a CSRM, asmaller radial
component being produced by increasing the angle . On the other hand, the shape of the air gap

makes difficult a precise axial alignment of the stator and rotor stacks. Thus a resultant axial
component will be produced, whose magnitude increases generally by increasing the angle 3.

However, at [ larger than 25-30 [deg], the axial force seemsto decreases by increasing 3.

M easurements and comparison of various motor technologies

To verify the finite element and the analytical calculations, two demonstration SRMs, having
cylindrical and saw-toothed air gap and identical main dimensions, were built in the University
workshop. Static and steady-state tests were made such asto reveal the similarities and the
differences between the two structures.

In addition, they were compared to other motor types such as an induction motor and a brushless
Dc motor. These motors were designed such as to provide 550 [W], in operating conditions defined
by 2800 [rpm] and 1.9 [Nm]. They had all to fit into a Grundfos frame for standard induction motor
MG 71. However, the comparison was unfair for the BLDCM, which was optimised for a different
working point than the IM and the CSRM. Furthermore, the IM was tested only at rated voltage but
it was shown [96] that this does not affect the results at the operating point, specified above.

The steady-state tests of the CSRM and its Shark counterpart shown that the Shark SRM produces
inidentical operation conditions, the same output power as the CSRM, by using less input power.
The efficiencies measured for the Shark SRM were with 2 to 5 % points better than those measured
for the CSRM. The improvement of efficiency is more significant at low speed and load torque.
Thisisexplained by that the saturation of the iron material diminishes the effect of the Shark air
gap. The power factor of the Shark SRM was also improved relative to that of the CSRM.

M anufacturing consider ations
Considerations about manufacturing process were made and some solutions, simplifying the

assembly of Shark structures, were suggested. The difficulties of assembling a Shark structure
were identified as:
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Forming the air gap shape
Assemblying the stator and the rotor stack
Inserting the coilsinto slot

Preventing the axial displacement of the rotor under the action of the axial force

To suggest solutions to each of these problems different technologies for cutting lamination stack
were discussed. Then the latest technologies for economical assembling of stator and rotor stacks
and for winding production and insertion into slot were reviewed. One of them [117] isseed asa
way opener for the application of the Shark concept in SRM. It was aso shown that asingle or a
two-phase machine avoids any assembly difficulties. Furthermore, extending the application of the
Shark principle to linear machines may be another possibility.

7.2 Future work

The analysis reported in this thesis highlighted also some subjects for further investigation such as:

To analyse the magnetisation curves at intermediate rotor positions. It was seen from
measurements that even for the saw-toothed air gap the magnetisation characteristics of the
Shark SRM and CSRM cross over at intermediate rotor positions. This may be explained by
the local saturation of the stator and rotor poles at positions around the corner position,
which may have a strong influence on the saw-toothed profiles. To do this 3D FEA is
necessary.

To study the force production in steady-state operation and their effect on vibration and
noise of the Shark structure. The vibration of SRMs continues to be an impediment for its
acceptance in applications, in spite of avariety of solutionsto reduce it. Therefore, the
reduction of the radial force determined by the saw-toothed air gap may be worth to
investigate. By using such an air gap shape, the reduction of the radial force becomes an
inherent feature of the machine and no other solution may be needed.

To investigate new manufacturing solutions. The latest assembly technology [117], may
open the way of the Shark SRM to applications. Therefore a detailed research of the
implications the mentioned solution may have on producing Shark SRM may be of interest.
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Appendix A

Appendix A.1

Design data for the standard Induction Motor

Fig.A.1 lllustration of the Induction Motor

a) Design data

Table A.1 Design data for the Induction Motor,

Grundfos design, MG71

Phases m 3
Rotor poles N, 2
Stator slots Ns 24
Shaft diameter [mm] Ds 20.0
Rotor pole root diameter [mm] Dir 36.4
Rotor crown diameter [mm] D, 54.4
Stator pole root dimeter [mm] Dps 83.2
Stator outside diameter [mm] Ds 106.5
Air gap length [mm] g 0.3
Stack length [mm] stk 60.0
Turns per phase Nturn 420
Wire diameter [mm] Wdia 0.475
Lamination tickness [mm]/steel - 0.5/Lossil 400-50
Rated speed [rpm] n 2800
Rated power [KW] Pm 0.55
Rated DC link voltage [V] Ve 400
copper mass [K(] 0.95
iron mass [Kg] 3.02

Al mass[Kg] 0.22
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b) Measurement results

Table A.2 Results of the steady-state test on the standard Induction Motor

Motoring 1 2 3 4 5 6
Applied torque in % of rated torque | 150 [%] |125[%] | 100[%] |75[%] |50 [%] 25 [%)]
6 Ambient Temperature 20 20 20 20 19 19
7 Stator winding temperature 68.23 |63.31 |56 50 46 42
8 Frequency, in Hz 50 50 50 50 50 50
9 Synchronous speed [rpm] 3000 |3000 ([3000 |3000 3000 3000
10 Slip Speed [rpm] 311 245 178 122 75 36
11 Speed [rpm] 2689 | 2755 2822 | 2878 2925 2964
12 Line-to-Line Voltage [V] 387 386 387 387 387 387
13 Line Current [A] 1.80 1.52 1.25 1.05 0.88 0.8
14 Stator Power [W] 1094 874 686 519 358 203
15 Core Loss [W] 1793 |1793 |17.93 [17.93 17.93 17.93
16 Stator I°R Loss 164.99 [113.86 [73.29 [49.30 33.78 27.29
17 Power Acrossair gap [W] 911.08 | 742.19 |594.77 |451.77 |306.29 |157.78
18 Rotor I°R Loss 9444 160.62 [35.28 |18.37 7.65 1.89
19 Friction and Windage Loss[W] |6.106 |6.409 |6.72 6.99 7.22 7.418
20 Total Conventional Loss[W] 283.46 [198.81 |133.24 |92.59 66.58 54.52
21 Torque [Nm] 285 232 1854 [1.40 0941 0471
22 Efficiency % 7520 |76.60 [79.86 |81.29 80.51 72.02
23
24 Shaft Power [W] 800.15 |669.32 |547.9 [421.9 288.23 [146.2
25 Apparent Total Loss [W] 29385 |204.7 |1381 |97.1 69.77 56.8
26 Stray-Load Loss [W] 10.39 |5.87 4.88 4.51 3.19 2.28
Rs[ohm] 16.97 |16.42 |15.63 |14.90 14.54 14.11
Cosp 09 0.86 |0.82 |0.73 0.61 04
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Appendix A.2

Design data for the cylindrical air gap Switched Reluctance

Motor

Fig. A.2
the Cylindrical
Motor (CSRM)

a) Design data

Table A.3 Design datafor CSRM - Danfoss design.

Phases m 3
Rotor poles N, 4
Stator poles Ns 6
Shaft diameter [mm)] Ds 20.0
Rotor pole root diameter [mm] Dir 36.4
Rotor crown diameter [mm] D, 52.6
Stator pole root dimeter [mm] Dps 83.2
Stator outside diameter [mm] Ds 106.5
Air gap length [mm] g 0.3
Stack length [mm] stk 60.0
Rotor pole angle [deg] Br 30.8
Stator pole angle [deg] Bs 29.2
Turns per pole Nturn 278
Wire diameter [mm] Wdia 0.475
Lamination tickness [mm]/steel - 0.5/Lossil 400-50
Rated speed [rpm] n 2800
Rated power [KW] Pm 0.55
Rated DC link voltage [V] Ve 500
copper mass [K(] 0.48
iron mass [Kg] 2.59

Illustration of the cross-section of
air gap Switched Reluctance
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b) Measurement results

i [A]

Fig.A.3 Static flux linkage characteristics at different rotor positions and current values
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Fig.A.4 Static torque characteristics at different rotor positions and current values
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Appendix A.3

Design data for the Shark air gap Switched Reluctance Motor

Fig.A.5 lllustration of the cross-section of the saw-toothed air gap Switched Reluctance Motor

a) Design data

Table A.4 Design data for the saw-toothed air gap SRM.
Phases m 3
Rotor poles N, 4
Stator poles Ns 6
Shaft diameter [mm] Den 20.0
Rotor pole root diameter [mm] Dir 36.4
Rotor crown diameter [mm] D, 52.6
Stator pole root dimeter [mm] Dps 83.2
Stator outside diameter [mm] Ds 106.5
Air gap length [mm] g 0.3
Stack length [mm] lsik 60.0
Rotor pole angle [deg] Br 30.8
Stator pole angle [deg] Bs 29.2
Turns per pole Nturn 278
Wire diameter [mm] Wdia 0.475
Lamination tickness [mm]/steel - 0.5/Lossil 400-50
Rated speed [rpm] n 2800
Rated power [KW] Pm 0.55
Rated DC link voltage [V] Ve 500
copper mass [K(] 0.48
iron mass [Kg] 2.59
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a) measurement results

Fig.A.6 Static flux linkage characteristics for the saw-toothed air gap SRM

Fig. A.7 Static torque characteristics for the saw-toothed air gap SRM
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Appendix A.4

Design data of the brushless DC motor

Fig. A.8 Illlustration of the brushless DC motor

=

Fig.A.9 lllustration of the slot design of the brushless DC motor

SIitODpth
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a) Design datafor the Grundfos BLDCM

Table A.5 Design datafor the BLDCM

Phases ph 3
Stator slots Ns 15
Poles N, 8
Shaft diameter [mm] Da 18.0
Rotor diameter — at magnet surface [mm] | D, 53.4
Stator outside diameter [mm] Ds 106.5
yoke tickness SYoke 5.0
Air gap length [mm] g 0.5
Stack length [mm] I stk 40.0
Magnet pole arc Bwm 180
Tickness of the magnet in direction of LM 3
magnetisation [mm]

Slot dimensions

Stator tooth width [mm] Tw 6.5
Slot depth [mm] SltDpth 21.05
Slot open [mm] SItOpen 2.2
Radial depth of stator tooth tip (slot SItODpth 1.0
opening depth) [mm]

Slot opening angle [deg] SIitOANg 22.5
Turns per phase Nturn 225
Wire diameter [mm] Wdia 0.709
Lamination tickness [mm]/steel - 0.5/Lossil 400-50
Rated speed [rpm] n 2800
Rated power [KW] Pm 0.55
Rated DC link voltage [V] Ve 500
copper mass [Kg] 0.78
iron mass [Kg] 1.65
magnet mass [K(] 0.11
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Appendix B
Appendix. B.1

Definition of the air gap layers and of the reading lines for saw-
toothed and square-wave air gaps

air gap layers
reading lines
inthe air gap layers

stator tooth

rotor tooth

F—————————
e
Hi— air gap layers
| | [ e ——
g
i3 4 .
L 2 |1
reading linesin ! : | 3
theair gap lavers ||| 1]] ]} 4
L stator tooth
I |
! | |
___LAii::___IJ ::
_____ e~ ——J | [
________ N~ || [rotor tooth
-
2

Fig.B.2 Square-wave air gap— air gap layers and reading lines
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Appendix B.2
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Appendix B.3 Saw-toothed air gap SRM
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Fig.B.9 Flux density distribution in the four layers of the air gap in a Shark SRM (p=10[deg]), at high saturation level
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Fig.B.10 Flux density distribution in the four layers of the air gap in a Shark SRM (B=45[deg]), at high saturation level
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Appendix B.4 Square wave air gap SRM

Flux density distribution in the air gap layers

Fig.B.11 Flux density distribution in the four layers of the air gap in a Shark SRM (B=10[deqg]), at low current

Fig.B.12 Flux density distribution in the four layers of the air gap in a Shark SRM (B=45[deg]), at low current
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Appendix B.5 Trapezoidal toothed air gap

The analysis performed for the saw and sgquare wave toothed air gap is considered also for the
trapezoidal air gap SRM. Because the trapezoidal profile is a generalisation of the saw and square
profiles, the air gap flux density distribution are not presented as is was done in the two previous
cases. Two situations are analysed for the trapezoidal profile:

a) constant Ik and variable B
b) constant § and variable lg.

a) constant I« and variable

Thiscaseisillustrated in Fig.B.15. The trapezoidal shape is built based on the dimensions of the
saw shaped Shark tooth. The trapezoidal profile is a generalisation of the saw and square wave

profiles. Function of the value taken by the parameter Itop , the trapezoidal profile can be a saw

( Itop =0) or a square wave profile ( Itop =0.5). Therefore the magnetisation characteristics of the

trapezoidal profile have shapes and values between those of the saw and square wave toothed air
gap SRM.

hannY<hg® < >

1
01
Fig.B.15 Trapezoidal Shark teeth at constant § and different lengths

To illustrate the magnetic behaviour of this profile, the magnetisation curves for Shark profiles with
constant | gy, liop €qual to 0.4 of the tooth length |, are presented in Fig.B.16. It resultsthat its

behaviour is similar to the saw toothed air gap Shark SRM in the sense that the Shark magnetization
characteristics do not cross over the reference curve. At wider |y, the magnetisation

characteristics look similar to those of the square profile. The current at which the crossing of the
Shark and CSRM happens is smaller for wider |, as shown in Fig.B.17.
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Fig.B.17 Crossing point between the magnetisation characteristics of the trapezoidal Shark SRM and CSRM

Previoudly, it was mentioned that the trapezoidal profileis ageneralisation of both saw and square
profiles. This statement is supported by the magnetisation characteristics shown in Fig. B.16 and by
the air gap density distribution from Fig. B.18. Here it can be seen that the profile of the average
flux density distribution combines the features of the distribution for a saw profile. The flux density
values aong the horizontal faces reaches the flux density of the CSRM (Fig.B.18). The
resemblance to the square profile is shown by the profile of the distribution (Fig.B.18).
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Fig.B.18 Flux density distribution in the trapezoidal air gap

b) Influence of |4k at constant g

1

Thissituation isillustrated in Fig.B.19, where two Shark teeth, with length and height modified as
that Nenic = const., are shown.

lshik

Fig.B.19 Trapezoidal Shark teeth with equals angles B and different Ishk

The corresponding magnetisation characteristics are plotted in Fig.B.20 for f=40[deg] and different
lengths of the Shark tooth. At long Shark teeth the magnetisation characteristic is above the
characteristic of the reference machine for the whole range of current. Once the length of the Shark
tooth decreases the magnetisation characteristics of the Shark SRM cross over the reference curve.
The current at which the crossing happensis smaller for shorter teeth. This behaviour is similar to
what was observed for the saw and for the square profiles.
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flux linkage [Wb]

current [A]

Fig.B.20 Magnetisation characteristics of the Shark SRM with trapezoidal air gap (lip/lsk=0.4)
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Appendix C
Appendix C.1 Langevin function approach

The idea of this approach isto express the magnetisation characteristic of the Shark SRM by using
the Langevin function [73]. The Langevin function is defined for modeling the BH curves of the
magnetic materials [73], [74] and it expresses the magnetisation, M , as function of the saturation
magnetisation, Mg, the effective magnetic field, H, and aparameter, a, which characterises the

shape of the BH curve. The expression of the function asgivenin [70] is:

M(Hg)=Mg Eﬁcoth(%j - [HieB (C.1)

where: Hg isthe effective field intensity, which by the coefficient a considers the interactions
between the separate magnetic domains (for detailssee[74]), He=H +a [M .

In this approach, the flux linkage characteristic of the Shark SRM is expressed by using the
Langevin function. The field variablesin the Shark SRM are related to the field variablesin the
cylindrical air gap SRM (CSRM) by the following procedure.

1. Theflux linkage, W, of the Shark SRM is expressed by the general equation:

W(He)=Ws EEcoth(%j - (Hieﬁ (C2)

where: H, isthe equivalent field intensity in the Shark SRM, Wy isthe saturation flux linkage and
a isaparameter, which characterises the shape of the curve.

In order to obtain the dependence of the flux linkage on the phase current the equivalent field
intensity, H o, has to be expressed function of the field intensity in the cylindrical air gap machine

and the parameters of the magnetic circuit of the Shark SRM.

The equivalent field intensity, H,, isexpressed function of the field intensity in the CSRM, H,
and the actual flux linkage, ¥, given by equation (C.2):

He=H+a[W (C.3)
where a and a are functions of both material properties and the dimensions of the Shark profile.
2. Theinitia values of the coefficients a and a are estimated from the BH curve of the

magnetic material used in analysis

3. The dependence of the coefficients a, a and Wg on the dimensions of the Shark tooth and
on the air gap length is determined based on a large amount of FEA data.
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The resulted parameters account for both the properties of the magnetic material and the effect of
the particular shape of the Shark air gap. From the described steps it results that this approach has
two main drawbacks:

a) These are that this approach uses the analytical expression for the BH curve, which proves
do not be very accurate and requires knowledge of the coefficients which are material
dependents.

b) the data used to get the dependence on Shark parameters are provided by the FEA of the
axial cross-section. The curve-fitting algorithm makes that this method is a combination of
numeric and analytic calculations. Therefore, this approach is not suitable for calculation,
because it requires too many empirical data.

Appendix C.2 Calculation of the winding area

Fig.C.1 lllustration of the slot region
Theinitial winding areais:

Ano =Wo [Vo (C.4)

The total winding area, of the machine having Shark air gap may be determined by

Av=Aut A+ Ag (C5)

where:
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Ay =Wlv
Az =Wo {hy —h)

e

The dimensions used in the above expression may be determined by;

W+£:(h+g+a't}[tan 1 JZ—DT
2 2 2 Ng

d¢ — height of the Shark tooth

rl +g+5tj[tan(1[42_m]_ﬁ
2 N 2

(D
w=
2 s

Woz(h+gj[tan lﬂ —B
2 2 N 2

S

O; being equal to the height of the Shark tooth

Nturns — A/v
Nturnso A\NO
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Appendix C.3 Verification of the analytical model of a 6/4 SRM
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Appendix C.4

Verification of the analytical model for a 12/8 SRM
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Appendix C.5

Permeance ratio

Permeance ratio determined for the CSRM and Shark SRM with the dimensions given in
Appendices A.2 and A.3. These ratio indicates which is the path preferred by the flux linesin the
specified magnetic circuits

CSRM Shark SRM

P/P 1 0.0038 | 0.0041

PJ/P 10.1042 |0.1102

PP 10.1989 |0.1690

PJ/P |0.0834 | 0.0895

Ps/P ]0.2382 | 0.2557

Appendix C.6

Illustration of the total radial and axial forces produced on each
side of the Shark teeth at low and high current.
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Fig.C.8 Radia and axial forces on the two sides of the Shark profile

186



Appendix C Analytical model of the Shark SRM

1200 . . .
___________ ! ! : RE:DE
; gl ; =4 [mim]
1000 f=-emrmmeemmoeees CTTTTTT L """" ::Zijj:"f """""""" =3TA] T a
: f':z-]: o :
800 e --------------- —
é i i i Tl
8 s s | A
E (S]0]0N SEEEEEEEEEEEEEED: : """""""" ': """""""" :r""::::::"':::E:: """"" ]
3 5 LI e
g et B S RESCEEEEEEE —
R ! !
e @ : :
200 e B R EEes e —
ol : : :
1] 10 20 A0 40 50
f [deq]

Fig.C.9 Radial and axial components on the two sides of the Shark profile

187



Appendix D Estimation of motor price

Appendix D
Appendix D.1
Estimation of the relative prices of different motor types

Assuming known the mass of the materials used in a specified motor (j) the price may be
determined by:

price! =Ya xm) xpr. (D.1)
|

where i =Cu, Al,Fe,PM, a; =1, 0 if material i isor not used the motor |, mj is the mass of
material I used inmotor j,and Ppr; isthe price of materia | .
The prices of different material are expressed function of iron price, Pree, asfollowing:

pr, = K; > prege, with K =1 (D.2)

With this definition, the expression of the cost of material used in a motor becomes:

price! =Ya ) XK Xpreg (D.3)
|
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