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Abstract 
 
The aim of this thesis is to 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 a non-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 a few 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. 
 
Initially, 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. 
 
Due to the lack of quick analysis tools, an analytical model of the Shark Switched Reluctance 
Machine is also proposed in this thesis. This model is conceived by modifying one of the existing 
models of cylindrical air gap Switched Reluctance Machines, such as to account for the presence of 
the Shark profiles in 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 a simplified 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. 
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Nomenclature 
 

� Abbreviations 

 
IM standard efficiency Induction Motor 
SRM Switched Reluctance Motor 
CSRM Cylindrical air gap Switched Reluctance Motor 
Shark SRM Shark air gap Switched Reluctance Motor 
BLDCM 
HEM 

BrushLess DC permanent-magnet Motor 
High Efficiency Motor 

  
MEC Magnetic Equivalent Circuit 
FEA Finite Element Analysis 
FEM Finite Element Model 
 

� Symbols 

 
W  co-energy 

convW  converted energy 

W∆  co-energy variation between the converted energy and the sum of the converted 
and stored energy 

fW  stored energy 

  

inP  input power 

outP  output power 

CuP  conductive loss  

FeP  core loss 

EC  conversion ratio 
ph number of phases of the machine 
ω  speed [rpm] 
S  number of strokes 

phN  number of turns per phase 

phR  phase resistance 

rmsI  the rms value of the phase current 

0µ  permeability of the free space 

µ  permeability of the iron 
ℜ  reluctance 
− permeance 
u   instantaneous voltage 



 

iv 

i    instantaneous current 
  
Ψ  flux linkage 
ϕ  magnetic flux 
MMF magnetomotive force 

sD  stator outer diameter 

bsD  stator pole root diameter 

1rD  rotor diameter 

brD  rotor pole root diameter 

( )mgD  mean air gap diameter of the Shark SRM 

)(msD  mean stator diameter of the Shark SRM 

)(mrD  mean rotor diameter of the Shark SRM 

polel  circular stator pole length 

sβ  stator pole arc 

rβ  rotor pole arc 

g  air gap length 

stkl  stack length 

'stkl  equivalent stack length 

poleh  stator pole height of the cylindrical air gap SRM 

tn  number of Shark segments 

β  angle at the basis of the Shark profile 

shkl  Shark tooth pitch 

shkh  height of the Shark profile 

tδ  reduction of the pole height due to the Shark teeth 

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

  
A  cross-section  
L  inductance of the magnetic circuit 
k  inductance gain 

Wk  energy gain 

  

gH  air gap magnetic field intensity 

spH  stator pole magnetic field intensity 

rpH  rotor pole magnetic field intensity 

syH  stator yoke magnetic field intensity 

ryH  rotor body magnetic field intensity 

  



 

v 

ϕk  ratio of electrical loading on rotor and stator  

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

ik  current waveform factor 

pk  electrical power waveform factor 

  

spw  width of the stator pole 

rpw  width of the rotor pole 

gw  width of the air gap 

syw  width of the stator yoke 

ryw  width of the rotor yoke 

  

spA  area of the stator pole 

rpA  area of the rotor pole 

gA  area of the rotor pole 

syA  area of the stator yoke 

ryA  area of the rotor yoke 

  

spl  length of the stator pole flux path 

rpl  length of the rotor pole flux path 

syl  length of the stator yoke flux path 

ryl  length of the stator yoke flux path 

 
 
 

� Subscripts 
 
0 cylindrical air gap 
saw saw toothed air gap 
square square-wave air gap 
ellipse elliptical air gap 
trap trapezoidal air gap 
 
 

� Superscripts 

 
u unaligned rotor position 
a aligned rotor position 
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Chapter 1 

Introduction 
 
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 analysis 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 electrical 
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 methodology 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 motors in 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 CEMEP1 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]. 

10
0

10
1

10
2

75

80

85

90

95

rated power [kW]

ef
fic

ie
nc

y 
[%

]

4 pole 
2 pole       Eff1 

     High  
 efficiency

    Eff2     
 Improved    
 efficiency  

    Eff3   
 Standard  
 efficiency

 

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 [kW], 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 a large difference to global energy consumption.  
                                                 
1 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]  0.55 0.75 1.1 1.5 2.2 3 4 
Efficiency (%) 2 poles 80 81 81 82 84 85 86 
 4 poles 77 78 78 80 82 84 86 
Power [kW]  5.5 7.5 11 15 18.5 22 30 
Efficiency (%) 2 poles 87 89 90 91 92 92.5 93 
 4 poles 87 88 90 91 92 92 92.5 
Power [kW]  37 45 55 75 90 110  
Efficiency (%) 2 poles 93.5 94 94.5 95 95.5 96  
 4 poles 93.5 94 94.5 95 95,5 96  

 
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 applies in 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 

 

 
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 a large 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 already mentioned in (b) and (c), large motors are 
actually the main energy consumers, despite the lower proportion of the total existing motors in 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, load2 factor and usage3 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 general 
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 price is 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. 
Generally, 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 alternative 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 radial 
cross-section [13], [14], [15]. This is 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 
3 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 translation 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 along 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.  
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The Switched Reluctance Machine is considered to have the simplest construction and working 
principle of all rotating electric machine types. The basic structure of an SRM comprises salient 
stator and rotor poles as shown in Fig.1.6.  A coil is wound around each stator pole and no windings 
or magnets are located on the rotor. Because of this simple configuration, the SRM may be cheaper 
to manufacture than any other type of electrical machine [44].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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, 
a voltage is 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: 
 

•  The aligned position. This is where a pair of rotor poles is 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 

•  The corner position. This is where rotor and stator poles are about to overlap 
•  The turn 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. 

•  The turn 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. 

6 stator poles 

4 rotor poles 

phase A phase B 

phase C aligned position  
on phase A 

stator 
winding 
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Fig.1.7 Illustration 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 also 
characterises the energy stored in the magnetic field for any rotor position, θi , and for any 
excitation current. This stored energy is denoted by Wf in Fig.1.7 and may be determined 
mathematically as follows: 

 

∫
Y

Y×-=
0

difW                   (1. 1) 

 
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: 

 

∫ ×Y=
i

diW
0

                    (1. 2) 

 
The instantaneous torque may be determined by considering an infinitesimal rotation of the rotor 

between two positions 1q and 2q . The energy stored in the magnetic circuit in position 1q  is equal 

to the area '0AA  in Fig.1.8. During the displacement between 1q  and 2q , energy is supplied to the 

magnetic circuit, represented by the area '' ABBA . 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. 
 
 
 
 
 
 
 
 
 
 

field 
energy 
Wf 

Y  [Wb] 

co-energy 
W 

O 

qi 

magnetisation 
characteristic 
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Fig.1.8  Typical energy conversion loop for a small displacement from 1θ  to 2θ   

 
The process of conversion of the energy may be described by the following equation: 

 

 OABBBABBAOAA =−+ '''' 0                              (1.3) 
 

where: 'OAA  is the stored energy in position 1θ , '' ABBA  is the energy supplied from the source, 
'0BB  is the stored energy in position 2θ  and OAB , the difference between the two, is the energy 

converted to mechanical energy. 
 
The instantaneous torque developed during the rotation from θ1 to θ2 may be mathematically 
described by the following equations: 
 

const

fW
T

=Ψ











∂

∂
−=

θ
                (1. 4) 

 
and in terms of co-energy, which is complementary to the field energy: 
 

consti

W
T

=






∂
∂=

θ
                 (1. 5) 

 
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.  
 
 
 
 
 
 
 

Ψ [Wb] 

O 

A (θ1) 

B (θ2) 

A'  

B'  
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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. 

 

fWconvW

convW
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. 
 
As the 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 are illustrated and their improvements are specified. 
 

Table 1.2 Illustration of various configurations of SRM 

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

 
 
 
 
 
 
 
 
 

This variation of SRM pushes the 
conversion loop in the region of 
high saturation where the energy 
ratio is close to 1. However, it 
does not use effectively the 
copper of the machine. 

2 Hybrid type SRM [48]  Produces additional torque by the 
presence of the permanent 
magnets 

3 PM-biased SRM [49], 
[119] 

 

Additional torque is produced by 
PM 

4 Screens in SRM [50], 
[120], [121] 

 
 
 
 
 
 
 
 

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

5 SRM with segmental 
rotors [51], [52] 

 

This variation of SRM  utilises 
better the phase MMF 

6 SRM with both radial 
and axial air gap [2] 

 

 
 

This variation increases of the air 
gap surface 

A C B 
F + - 
+ 

 + - - - 

PM 

S 

N 
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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  
•  strong, 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 alternative 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 general 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] 
•  Industrial 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: 
 

•  S R Drives, now a division of Emerson Electric Co. provides SRM technology for various 
applications [39], [41] such as: 

o Beckman Instruments Inc, laboratory centrifuge system 
o Flameproof drive system for potentially explosive atmosphere (150kW DIAMOND 

Drive underground at Malby Colliery, UK) 
o BESAM sliding door operating system 
o CompAir Broomwade Limited, screw air compressors 
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o Maytag, washing machine  
o Smallfry, food processor 
o Air conditioning system for passenger train 
o Picanol, weaving machine 
o Ametek, Infin-A-Tek, vacuum cleaning system 
o NORDIC door ab, unit for high speed role door 
 

•  EMOTRON [42]has developed the EMS-VVX 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 a longitudinal 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] claim, 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 this study is: 

 

 
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 objective is: 
 

 

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

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  
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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 ω=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 
this way, 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 this work 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 simulation 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. 
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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 Fig1.9. 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig 1.9 Overview of the thesis 

 
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.  
 
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 analytic 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 
this work. 
 
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 prices In this appendix, general expression for estimating 
the price of a motor 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 a review 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. Initially, 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], a single 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 some10 [%] bigger than that of an equivalent cylindrical air gap SRM.  
 
In [1] the Shark concept is initially 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 all the 
benefits of adopting such a structure. 
 
 
 

 

 

 

 

 

 

Fig. 2. 1 Cylindrical air gap structure 
[1] 

 
 

 

 

 

 

 

 

Fig. 2. 2 Simplified Shark structure 
[1] 

 
Fig. 2. 3 Toothed air gap Shark SRM 
[1] 

 
Despite 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 criteria are 
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, Dbs – stator slot bottom diameter, Dr1 – rotor diameter, Dbr - rotor 
bottom diameter, lstk – length of the lamination stack,  g – air gap length in the aligned position  and 
(gi+g) – air gap length in the unaligned position. 
 

winding winding 
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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 process is carried out 
keeping the main dimensions of the radial cross-section unchanged, except the rotor diameters. 
Whilst the original dimension Dr1 remains unchanged, an additional dimension, Dr2, which helps in 
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 area were to be identical in the two cases, as the width of the poles is kept 
unchanged, the unaligned inductance will be slightly 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: 
 

•  the stack length, lstk, of the Shark SRM is the same as in the equivalent CSRM 
•  the stator diameter, Ds, of the Shark SRM is the same as in the equivalent CSRM 
•  the air 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: 
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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: 
 

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

 
Methodology of the Analysis 
 
The geometrical pattern, which is longitudinally 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: lshk – Shark tooth pitch, hshk – height of the Shark profile, angle β 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 values in 
the radial and longitudinal directions, as shown in Fig.2.8. The trapezoidal version requires an 
additional parameter, ltop, expressed as a fraction k of the tooth pitch, lshk. 
 
 
        

 
 
 
 

 

Fig. 2. 4 Saw-toothed profile showing characteristic 
dimensions 

 
 

 
 
 

 

 
 

Fig. 2. 5 Elliptical profile showing characteristic 
dimensions 

 
 
 
 
 
 
 

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

Fig. 2. 7 Trapezoidal profile showing characteristic 
dimensions 

This study is performed using on the theory of the equivalent magnetic circuit [53]. The differential 
permeance of a layer of thickness dy  with flux crossing the area dyl ⋅ , shown in Fig.2.8 is given 

by the expression: 
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( )yw

dyl
dG

⋅⋅= µ                   (2.2) 

 
 
 
 
 
 

Fig. 2. 8 Illustration 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 a linear 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: 
 

•  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 

•  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 

dy 
w(y) 
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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, 0L  of the cylindrical air gap SRM in the aligned position may be 

determined as a function of the dimensions of the magnetic circuit: 
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where 0L  is the magnetising inductance of the magnetic circuit in the aligned rotor position, µ  is 

the permeability of the free space, gA  is the area of the air gap, g is the air gap length, polel  is the 

length of a stator pole and phN  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 uL0  and may 

be obtained from the aligned position inductance by division with a factor Lk , 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, aW0 , is determined 

under the assumption of linear magnetic properties by the equation: 
 

2
00 2

1
iLW aa ⋅⋅=                   (2.4) 

 
where the index 0  refers to the cylindrical air gap machine, index a  to the aligned position and 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: 
 

 ( )uaua LLiWWW 00
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1 −⋅⋅=−=∆                (2.5) 

 

where uL0  and uW0 are the inductance and energy of the cylindrical air gap SRM in the unaligned 

position. Written in terms of aligned inductance, aL0 , expression (2.5), becomes: 
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This expression was used as reference for all 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: 
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where sawA  is the area of the saw toothed air gap and β  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: 
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L
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Equation (2.8) indicates that the inductance gain depends only on the angle β . 
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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 as follows: 
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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.  
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Fig.2.9  Inductance gain for the saw-toothed air gap showing 
the influence of the height and length of the Shark tooth 
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Fig.2.10 Energy gain for the saw-toothed air gap showing 
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: 
 

u
saw

a
sawsaw WWW -=D          (2.10) 

 

where:  a
sawW  and u

sawW  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 
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equal for both machines  ( u
sawW = uW0 ). Based on this assumption the energy converted in the Shark 

SRM, during movement from the unaligned to the aligned position, is given by: 
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This expression may be written in terms of inductance gain, sawk  and inductance ratio Lk  as 

follows: 
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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 ( sawW∆ ) to the same quantity determined for the CSRM 

( 0W∆ ), is: 
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The variation of Wsawk  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 β  or on the ratio 

shk

sqr

l

h⋅2
. This means that for a given stack length and angle β , the performance of the saw profile 

does not change with the length of the Shark segment (
0L

Lsaw =constant at constant β ).  

 
To be more specific, consider the Shark segments in Fig.2.13. For a given tooth pitch, shkl , one or 

two Shark segments, having the same angle β 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: 
 

lll te δ−=                    (2.14) 

 
where lt is the length of the side of the Shark profile:  
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βcos2 ⋅
= shkl

tl                   (2.15) 

 
and  lδ  is the length of the air gap which is not effectively crossed by the field lines: 
 

βδ tan⋅= gl                  (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: 
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Under these considerations, the total active length ( total
el ) for a Shark SRM with the stack length, 

stkl  is given by: 
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Equation (2.18) suggests that the effective conversion area is dependent on the length of the Shark 
segment. There is a limit 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 

g g/cosβ 
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lshk 
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the condition that total
el  equals the stack length, stkl . The limit for tn  depends on the angle β  as 

shown in Fig.2.12. 
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Fig.2.12 Illustration of the influence of the number of Shark teeth, with specified β , 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: 
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The maximum inductance obtainable by using this profile is given by: 
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where:  ellipseA  is the area of the elliptical air gap and '
stkl  is the equivalent length of the Shark 

SRM air gap. '
stkl  may be determined from the semi perimeter of the ellipse multiplied by the 

number of Shark segments tn : 
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From (2.20), (2.21) and (2.22) the inductance in the aligned position becomes: 
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  From (2.23) and (2.3) the inductance gain, ellipsek , of the elliptical Shark profile is given by: 
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The inductance gain of the elliptical profile depends on the angle β  only.  The elliptical profile 
produces a higher aligned inductance compared with the saw-toothed profile for the whole range of 
angle β . 
 
To express the inductance gain as a function of the length and the height of the Shark segment, 

βtan  is replaced by an expression in terms of shkh  and shkl . Using this expression the variation of 

inductance gain with the length, shkl , is presented in Fig.2.13, for different heights, shkh , 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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u
ellipseWa

ellipseWellipseW −=∆              (2.25) 

 

where  a
ellipseW  and u

ellipseW  are the co-energy of the elliptic toothed SRM – in the aligned and 

unaligned position. 
 
As in 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  ( u
ellipseW = uW0 ). Based on this assumption, the energy converted in the 

elliptical Shark SRM, during movement from the unaligned to the aligned position, is given by: 
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Fig.2.13 Inductance gain for the elliptical profile showing the 

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

influence of the height and length of the Shark tooth. 

 
This expression may be written in terms of inductance gain, ellipsek  and inductance ratio Lk  as 

follows: 
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From equations (2.6) and (2.27) the energy gain, Wellipsek , 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, is given by: 
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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 square wave profile, illustrated in Fig.2.6 consists of two components: a 
radial component 1L  and an axial component 2L :  
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which means that: 
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Assuming that the axial and the radial air gaps are equal ( 1g = 2g = g ) the inductance associated 
with the magnetic circuit of the square wave profile is given by the following expression: 
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which may be expressed as follows, in terms of dimensions of the Shark  profile: 
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This means that the inductance gain of the square wave profile is determined by: 
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which becomes, in terms of angle β: 
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Following the same procedure as in the cases of the saw-toothed and elliptical profiles, the energy 
gain may be determined as: 
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It may be concluded that the inductance gain of the square wave air gap is proportional to the tan 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 
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Fig.2.15 Inductance gain for the square wave profile 
showing the influence of height and length of the Shark 
tooth 
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Fig.2 1.6 Energy gain for the square wave profile showing the 
influence of the height and length of the Shark tooth 
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2.2.5 Trapezoidal profile 
 

The inductance of the Shark SRM with trapezoidal profile is given by: 
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where: 
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with: 5.0≤⋅= klkl shktop                (2.38)

  
 

From (2.36) and (2.37) the total inductance becomes: 
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The inductance gain for the trapezoidal profile is given by: 
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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: 
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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. 
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Fig.2.17 Inductance gain for the trapezoid profile showing 
the influence of the height and length of the Shark tooth. 
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Fig.2.18 Energy gain for the trapezoid profile showing the 
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 results is 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 β (45 
[degrees]) are presented.  It may be observed that the SRM with trapezoidal profile is the 
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generalization of the saw-toothed and square wave Shark SRMs. As the dimension topl , shown in 

Fig.2.7, varies, the inductance gain assumes values varying between those of the saw-toothed and 
square 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 β  are presented for the 
saw-toothed, square wave, elliptical and trapezoidal Shark profiles. A similar variation is observed 
for the energy ratio, presented in Fig.2.20 
 
These curves show that: 
 

•  the influence of the Shark profile on the performances of the magnetic circuit increases with 
the angle β  

•  the saw toothed and the square waved profiles represents respectively the lower and the 
upper limits for the inductance and energy gain   

•  the trapezoidal 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 in terms 
of β 

Inductance gain at 
β=45 [deg]  

Saw-toothed profile 

βcos

1=sawk  
1.41 

 Square wave profile ( )βtan1+=squarek   2 

 Ellipse profile 
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1.57 

Trapezoidal profile ( ) ( )22 tan212 β+⋅−+⋅= kkktrap , 

5.0; ≤= k
l

l
k

shk

top
 

1.41 (k=0) 
1.48 (k=0.1) 
1.67 (k=0.3) 
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 ( β =const.). This is 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 as it may be decisive in choice of Shark profile for further considerations. 
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Fig.2.19 Comparison of inductance gain variation as a 
function of angle β for various Shark profiles 
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Fig.2.20  Comparison of energy gain variation as a function 
of angle β for various Shark profiles 

 
The influence of the length and height of the Shark tooth on the magnetic performances of the 
Shark SRM is 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, shkh , remains 

constant. Again the trapezoidal profile behaves as a generalisation of the saw toothed and square-
wave profile. 
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Fig.2.21 Illustration of the inductance gain as a function of the length and height of the Shark profile 
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If the length, shkl , of the Shark profile remains constant then the inductance and the energy gains 

both increases with the increasing height, shkh , of the profiles. 
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Fig.2.22 Illustration 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 β , which is equivalent to a large ratio of the height to 
the length of the profile. This may be seen in 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 is limited as the presence of the Shark teeth reduces the available 
winding area. In this project, the height shkh  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, this limit is 4.5 
[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 lamshk ll ⋅= 3 , where laml  is the thickness of the 

lamination as shown in Fig.2.23. 
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Fig.2.23 Illustration 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 criteria for 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 square wave profile exhibits the best capability for improvement of the energy 
conversion 

•  The saw-toothed profile exhibits the lowest inductance gain and energy gain 
•  The trapezoidal profile is a generalisation 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 
•  The inductance gain and the energy gain decrease with decreasing angle β   

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

•  The inductance 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. Initially, the objectives are defined. Then, a brief 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. 
This increase in air gap area is 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. 
 
The linear 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 this improvement 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 locations in various Shark profiles, and their influence 
on the performances of the Shark structures is 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 

o To document the influence of Shark tooth dimensions on the magnetic performance 
of the Shark structure 

o 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 

•  The analysis is performed so as to identify the influence of each dimension of the Shark 
profile on the performances of the Shark SRM. That is: 

o variable angle β  (or height shkh )  and constant Shark tooth pitch, shkl , 

o variable tooth pitch, shkl  and constant angle β   

o variable angle β  (or tooth pitch shkl )  and constant height of the Shark tooth, shkh  

•  The results 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 a powerful tool for engineering applications. First developed in 1942 by R. Courant 
[55], it is an 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, as it is the case in this study.  
 
Its principle is "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. There is a 
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 has to be built. A Cartesian model (xy) may 
be useful if the field 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 pattern in 
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, it is 
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 is typically split into at least 3 layers, which 
allows the use of mesh sliding 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]: 
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where N is the number of turns per phase, Az is the magnetic vector potential defined at the 
coordinates (x=a and x=b) shown in Fig. 3.1. 
 
For a coil with uniform turns density, the mean flux linkage in terms of the vector potential is [39]: 
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             (3. 2) 

 
where Acoil

a,b are the cross-sections of the conductors located at x=a,b. 
 
 
 
 

 

 

 

 

 

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 a 2D solution this integral is reduced to a surface 
integral. 
 

∫ ⋅⋅⋅= dVHBW
2

1
                 (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 is the first 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 exists in 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 effects in an SRM 
depends on the machine dimensions (short or long stack), on the rotor position (aligned, 
intermediate or unaligned) and on the saturation level. 
 
In a cylindrical air gap SRM, shown in Fig. 3.3 a), the flux flows in the lamination plane. This is the 
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 shown in 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.  
 

          a) Cylindrical air gap SRM 

 
 
 
 
 
 
 
 
 
 
 
 

                   b)  Shark air gap SRM 

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

 
The field lines follow paths such as  these shown in Fig. 3.4. In region 2 (called Shark tooth), the 
flux lines leave the lamination plane (plane xy), which determined the 3D feature of the field. Thus, 
a 2D FEM of the radial 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), 
as drawn in 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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Fig.3.4 Expansion of region A from Fig. 3.3 and illustration of the flux lines in 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. 3.5 and 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 as to allow the mesh to slide (see section 3.2). By solving this 
model for various rotor positions, the flux linkage characteristics of the CSRM may be calculated.   
 
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. This reluctance may be readily calculated analytically. 
 
Furthermore, to allow the return of the flux lines, a region 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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Fig. 3.5 2D FEM of radial cross-section of cylindrical air gap SRM – aligned position 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

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 a similar 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 axial 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, this model cannot provide valuable data because 
it accounts for only a fraction 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 

 

 

 

 

 

 

 

 
Fig.3.8 2D FEM of axial 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).  

gi Dbr 

Dr Ds 

Dbs 

region 
considered 

A A' 

Rsh 

Rbr Rr+g Rbs Rs 

lshk 

air 
region 

infinite permeability region 

gi 

winding 
region 

lamination 
stack 



Chapter 3 Finite Element modeling of Shark Switched Reluctance Motor 

47 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.2

0.4

0.6

0.8

1

current [A]

flu
x 

lin
ka

ge
 [

W
b]

FEA radial model        
aligned  rotor position 

FEA axial model         
aligned  rotor position 

FEA radial model          
unaligned  rotor position 

FEA axial model           
unaligned  rotor position 

corrected FEA axial model         
aligned  rotor position           

 
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 the radial cross-sections. This means that the unaligned rotor position cannot 
be analysed by 2D FEM of the axial 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 difference is that the air gap is shaped with one of the Shark profiles illustrated 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 c), which is a generalisation of the first two shapes, being detailed in 
Appendix. B.5. 
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The Shark profiles are defined by geometrical parameters such as angle β , Shark tooth pitch, shkl , 

height, shkh , 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 1g as radial air gap and 2g  as axial air gap, but they are considered equal 

throughout this work. The same is valid for the trapezoidal profile. 
 
 
 
 
 
 
 
 
 
 

         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. One is that the Shark segment might be somewhat higher than it is long. This means that 
when a fine mesh is wanted in the air gap, a fine mesh will be generated also in regions far from the 
region of interest. 

Another problem is that any Shark segment presents sharp corners 
– that is in 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. This error is strongly 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 
to keep down the total number of element and to save computation 
time. 
 

The first 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, a fine 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 is regions b, c and d in 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 elements in 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 analysis is 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.  This is illustrated 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.  The flux linkage of the aligned rotor position, the flux linkage gain and the air gap flux 
density distribution are considered as variables of interest for this analysis. The data in 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 calculated 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) variable angle β  (or height shkh )  at Shark tooth pitch, shkl , constant 

2) variable tooth pitch, shkl  at angle, β , constant  

3) variable angle β  (or  tooth pitch, shkl ) at height of the Shark tooth, shkh , constant 

 
3.4.1 Influence of the height, shkh  at length of the Shark tooth, shkl , constant 

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

constant is documented in this sub-section. The configurations to be studied are illustrated in Fig. 
3.14. The lengths, lt and le 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. 3.14 a) and 1, 2, 3 and 4 from Fig. 3.14 b) are used to define the lines along which data from 
FEA are read. A detailed illustration may be found in Appendix B.1. 
 
 
 
 
 
 
 
 

 
 
 
 
 

                     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 
the rest of the air gap is. This confirms the prediction from chapter 2, where le was defined and 
calculated for various Shark SRM showing that the effective length of the air gap region is less than 
the ideal length of the Shark air gap region. This observation will be used later in this sub-section. 
 
 
 
 
 
 
 
 
 
 
 
 
 

                              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. The air 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 β , 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 
(β≠0 in Fig. 3.16) produces more flux linkage than the CSRM (β=0 in Fig. 3.16). Keeping the Shark 
tooth pitch constant, more flux linkage may be obtained by increasing β  or the height of the Shark 

tooth, as it may be seen in Fig. 3.14. 
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Fig. 3.16 Magnetisation characteristics for saw-toothed air gap SRM with constant tooth pitch, shkl , and variable 

angle β  
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Fig. 3.17 Magnetisation characteristics for square-wave air gap SRM with tooth pitch, shkl , constant and angle β , 

variable 
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In the case of the square-wave air gap SRM (β≠0 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 ( β =0 in 

Fig. 3.17). The flux linkage produced by any Shark SRM, having square-wave air gap, may be 
improved by increasing the angle β . 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 is induced in the magnetic circuit by increasing β . 

 
The current value, at which the crossing between the characteristics of Shark SRM and the CSRM 
occurs, decreases as β  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 β ≠0 to the flux linkage at β =0. The flux linkage 

gain is calculated for all 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 figures it 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 is worked at an increased flux density compared the rest of the iron 
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. 
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 Fig. 3.18 Flux linkage gain calculated for saw-toothed air gap SRM 
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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 is also 
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 
le

total, 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, β , given in Table 3.1. The ratio of the corresponding flux linkages may be approximated 

by: 
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where indexes 1 and 2 refer to two different tooth pitches, ψ  is the flux linkage, gB  is the average 

air gap flux density and total
el  is the total length of the Shark teeth which is uniformly crossed by 

the flux lines (see chapter 2). 
 
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 as illustrated 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 β . From these data, an equivalent flux density 

corresponding to a uniform distributed field may be calculated. For the considered configurations, 
the equivalent flux densities are given in Table 3.1. 
 
The equivalent 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, β , 

it is obtained a longer 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, glshk =13.33 

β total
el [mm] gB  [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) 
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             (3.5) 

  
The result indicates that the configuration with smaller angle β  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 all these data, it may be concluded that at low current, the flux linkage of a saw-toothed 
air gap SRM is improved due to the increase in the air gap area. The air gap flux density is smaller 
in Shark configuration with bigger angle β . 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 square wave tooth offers the advantage of a longer air gap region. The sum of lengths between 
points 1-2 and 3-4 is equal to the Shark tooth pitch, shkl . As it may be seen from Fig. 3.20, the flux 

density along these faces of the Shark air gap is only slightly 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 
is mainly due to the contribution of the lateral sides of the Shark tooth (region between points 2 and 
3 and 4 and 1 in Fig. 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 β . 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 element solutions verify that the relationship between 
the average air gap flux density in the CSRM, ( )ο0gB , and the average flux density in the Shark 

SRM, )(βgB , is given by equation (3.6).  
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                (3. 6) 

 
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( β ), 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). 

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

corresponding cylindrical air gap, 0gB . Verification of equation (3.6) 

β [deg] β=0  β=10  β=20  β=30  β=40  β=45  
Bg(0º)·cosβ [T] 1.79 1.76 1.68 1.55 1.37 1.26 
Bg(β)  [T] 1.79 1.74 1.68 1.55 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 β  is increased (Fig. 3.21). This is 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 also Fig.3.19).  
 
At high currents there are more flux lines crossing the radial air gap, g1. This is 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, g2, 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 level 

 
 
 
 
 
 
 

                b) i=4 [A]- high saturation  level 

Fig. 3.22 Field patterns in a square-wave SRM at different current values (lshk/g=13.34, β =40 [deg]) 

 
(c) Amendment of the results of chapter 2 
 
If the flux linkage gain, kFEA, calculated by finite element analysis for low current is compared with 
the flux linkage gain, klinear, determined in chapter 2 (see Table 3.3), it may be noticed that for the 
saw toothed air gap, the agreement between these two values is good at small values of β . At 

greater values of β , the difference between the two values is greater. This difference increases 

which increasing angle β . For the square-wave air gap SRM, the flux linkage gain calculated by 

the two methods shows disagreement at all β .  

 

Table 3.3 Differences between the linear and FEA results.  

i=0.5 [A] factor saw toothed  air gap square-wave air gap 
kFEA 1.01 1.05 β=10 [deg] 

 klinear 1.015 1.18 
kFEA 1.052 1.23 β=20 [deg] 

 klinear 1.064 1.36 
kFEA 1.13 1.43 β=30 [deg] 

 klinear 1.15 1.58 
kFEA 1.25 1.65 β=40 [deg] 

 klinear 1.3 1.84 

g2 

g1 
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These differences are explained by that in chapter 2, the air gap flux density was assumed 
uniformly distributed, and this is not the case as it may be seen from the finite element solutions 
shown in 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 calculated assuming uniform distribution of the air gap flux density. Their 
ratio, ratio 1 is then compared with the ratio kFEA/klinear, determined with data from Table 3.1 and 
called ratio 2. The results are given in Table 3. 4 and they show a perfect match. 
 

Table 3.4 Flux linkage gain ratio 

 ratio 1 ratio 2 
β=10 [deg], i=0.5 [A] 0.99 0.99 
β=20 [deg], i=0.5 [A] 0.99 0.98 
β=30 [deg], i=0.5 [A] 0.98 0.97 
β=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, β , the saw 
toothed air gap produces, at all current values, more flux linkage than the CSRM. This 
improvement is due to the increase in air gap area. The flux density in the air gap is lower than in 
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, lshk, for constant angle, β 
 

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 are illustrated in Fig. 3.23. 
 

The relation between the geometrical variables is 
shk

shk

l

h⋅= 2
tan β , which means that for constant β , 

a change in the tooth pitch causes a corresponding the change of the height of the Shark tooth. The 
geometrical dimensions in Fig. 3.23 have the same meaning as in the preceding sub-section and the 
analysis follows the same method. 
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                           a) saw tooth                                                                           b) square-wave tooth 

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 β  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 β  and variable tooth pitch. 

 
From Fig.3.24, it may be observed that the flux linkage characteristics of any saw-toothed Shark 
SRM, having glshk  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 glshk 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, β , there is a critical tooth pitch, lc, 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 (lt). This is confirmed by the finite element 
solutions calculated for different Shark configurations. For data corresponding to the magnetisation 
characteristics from Fig. 3.24, this is illustrated in Table 3.5. 
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Fig. 3.25 Flux linkage gain calculated for saw-toothed air gap SRM 

 
To obtain these results, equation (2.18), from chapter 2 was used. This equation describes the 
relationship between le and lt. 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 β  =40 [degree] 

lshk/g [p.u] 33.34 20 13.33 6.66 5 4 
le/lt     [%]4 96 94 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 a critical 
length, lc, 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, lc, 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 glshk , 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 
                                                 
4 le is calculated by equation (2. 18), chapter 2 
  lt 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). 
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Fig. 3.26 Magnetisation characteristics of square-wave air gap SRM with constant β  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, lt, 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 

glshk  of 13.33 is identified as critical value, for β =40 [degree]. This corresponds 84 % of the 

air gap area is 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 β  constant 

lshk/g [p.u] 33.34 20 13.33 11 6.66 5 
le/lt     [%]5 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 drops in 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 β  is more significant in the 

square-wave air gap SRM than it is in the saw-toothed SRM. This can be seen in 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 
square-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). This is explained by that there is less 
material in the Shark teeth of the Shark SRM with shorter tooth pitch. Therefore, the iron will carry 

                                                 
5 le is calculated by equation (2.43) , chapter 2 
  lt 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 lines is 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, lshk, at height of the Shark tooth, for constant hshk 

 
The influence of the Shark tooth pitch on the magnetic behaviour of the Shark SRM is discussed in 
this sub-section. The Shark configurations to be discussed are illustrated in Fig. 3.30. The height of 
the Shark tooth, shkh , is held constant whilst the Shark tooth pitch, shkl  is varied. 

 
 
 
 
 
 
 
 

 

                               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 (hshk/hpol =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. The results reveal 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 a square-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 a long 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, shkh , and Shark tooth pitch, shkl : 
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              (3.7) 

 

where total
el  is the total length of the active  air gap region, and stkl  is the stack length of the Shark 

SRM.  
 
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 is written in 
terms of Shark height, shkh , and tooth pitch, shkl : 
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The average flux densities used in calculations are those shown in Fig.3.35. The results are given in 
Table 3.7. 
 

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

Shark tooth pitch, lshk/g  saw-toothed air gap square-wave air gap 
50 65.1 83.2 
13.33 

total
el  [mm] 

105.2 147.2 
    
50 0.56 0.53 
13.33 

gB  [T] 
0.51 0.41 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

distance from point 1, p.u.of  lt

ai
r 

ga
p 

flu
x 

de
ns

ity
 [

T
]

reference SRM
lshk/g=50

lshk/g=13.33

hshk/hpol=0.23 

i=0.5 [A]            

point 1 

point 2 
point 3 

point 4 
square
tooth 

saw
tooth 

 
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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•  square-wave air gap 
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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 linkages is 
less than unity. This indicates that the resulting flux linkage is determined in a bigger part by the 

increase in the length of the active region, total
el .  
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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 is valid 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). This is explained by that there is less 
material in the Shark teeth of a Shark SRM with shorter tooth pitch. Therefore, their iron material 
will have a higher 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 lines is 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 is to 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. This ratio is used because it 
reflects the improvement of the torque capability of a Shark SRM. 
 
(a) 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 – is the region characterised by the linearity of the magnetic properties of the iron. 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: 
 
 CSRMsawsquare Ψ>Ψ>Ψ               (3.11) 

 
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 is that 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 regions is higher. At this higher flux density, a significant 
proportion of the source mmf is used in driving the flux through iron. Therefore, the flux density in 
the air gap will be smaller and the flux linkage gain begins to decrease. 
 
The square-wave profile is the most sensitive to increased flux density because the iron sections in 
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 occurs in 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: 
 

CSRMsquaresaw Ψ>Ψ>Ψ               (3.12) 
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Region R3 is that region of the magnetisation characteristic, where the flux linkage characteristic of 
the square-wave toothed air gap crosses over and becomes less than the magnetisation characteristic 
of the CSRM. The values of the flux linkage are now ranked as follows: 
 

squareCSRMsaw Ψ>Ψ>Ψ                (3.13) 
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Fig. 3.37 Magnetization curves of various Shark profiles having angle β , 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. 
 
As in the 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 a single 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 is impossible 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. This decision is not far from the real situation, where only a slight 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 increase in β. 
 For each current value, and tooth pitch, there is a critical angle β, 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. 

Fig. 3.38 Energy gain at different β and tooth pitch, lshk, 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, i =3 [A], the saw-toothed air gap SRM may provide better performances than the square-
wave air gap SRM. This is 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 

In section 3.4.2 it was shown that the optimum length of the saw-toothed profiles is 33.13=
g

lshk  

(Fig. 3.24). 
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The optimum angle β of the profile may be determined based on the energy gain curves calculated 

for Shark air gaps having 33.13=
g

lshk  and presented in Fig. 3.38. It results that a saw-toothed air 

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

 
However, the value of the angle β  is limited by manufacturing considerations such as time, 

number and difficulty of the operations. Therefore the final configuration was selected to be a saw 
profile with β =45 [deg] and a tooth pitch ][43.033.13 mmlshk ≅⋅= . This means that there will 

be 15 Shark teeth, to be accommodated along the 60 [mm] long lamination stack. 
 

3.5 Summary 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 analysis indicated 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 square-wave air gap SRM produces more flux linkage than the CSRM and than the saw-
toothed air gap SRM at low current, 

•  the square-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. Its 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 topl , which defines the geometry of the Shark tooth. For shktop ll / =0.5, the 

trapezoid tooth takes the shape of the square-wave tooth, whilst for shktop ll / =0, it has the 

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: 
 

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

•  the flux 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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o in the saw toothed geometry, the flux linkage gain approaches unity at high 

saturation 
o in the 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 β  while the other parameters were 

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

•  at the tip of the Shark tooth in the saw profile 
•  at the root 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 square wave profile trapezoidal profile 

constlshk =   shkh↑ or β↑  shkh↑ or β↑  shkh↑ or β↑  

const=β  
shkl↓   shkl↓   shkl↓  

consthshk =  
shkl↓  or β↑  shkl↓  or β↑  shkl↓  or β↑  

 
For Shark teeth having tooth pitch constant: 
 

•  saw profile: flux linkage increases as the height of the tooth increases 
•  square wave 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 shkshk hl / =constant: 

 
•  saw profile: the flux linkage is, at all current values, bigger than that of the CSRM as long 

as the active region of the air gap is not smaller than 90% of the total air gap area. 
•  square wave 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 shkh =constant: 

 
•  saw  profile: the flux linkage increases as the length, lshk, increases 
•  square wave profile: at low current the flux linkage increases with the decrease of the 

length, lshk. At high current the flux linkage decreases as the length, lshk, decreases. 
 
The optimum Shark configuration was selected to be a saw profile with β =45 [deg] and a tooth 

pitch ][43.033.13 mmlshk ≅⋅= .  
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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 analytical 
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 is restricted 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 as to 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 is similar. 
 
Based on these considerations the objectives of this study may be defined as: 

 
Due to the special 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 is in 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, 

 

•  Requirements of the simulation models 
 
The requirements of the simulation model of the Shark SRM must be formulated precisely to ensure 
that the outcome of the modelling process is 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 developed: 
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: 
 

•  To develop and validate an analytical model of the Shark SRM in the aligned rotor 
position 

•  To develop and validate an analytical model of the Shark SRM in the unaligned rotor 
position 

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

•  To calculate and to analyse the influence of the Shark teeth dimensions on the forces 
produced in the Shark SRM is of interest. 
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•  To provide the flux linkage characteristic as output variable 
•  To make use of the models already established for cylindrical air gap SRM 
•  To account 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 also 
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 almost 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 also 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 
curves is reported 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 conceive 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 initially 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 simple 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 analytical 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. Finally, the proposed analytical 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 steps involved in the development of the simulation model are as follows: 
 

•  Identify the most appropriate approach of calculating the equivalent CSRM 
•  Calculate 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 is 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, 

'stkl . 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, 1rD . This is an 

important observation because the area of the air-gap. Region is directly proportional to this 
diameter. 
 

 

 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 Illustration 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 are identical 

•  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, gℜ , of the 

air gap region of the Shark SRM (Fig.4.1 and Fig.4.3) is given by [53]: 
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where g  is the air gap length (the shortest distance across the air gap), stkl  is the length of the 

lamination stack, β  is the angle which define the shape of the Shark profile and polel  is the width 

of the pole as illustrated 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 1e  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, '
stkl , given by: 
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βcos
' stk
stk

l
l =                 ( 4.2) 

 
where  stkl  is the real stack length of the Shark SRM and β  is the angle which define 

the shape of the Shark profile 
 

Model b may be determined from the term 2e  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, stkl , but a shorter equivalent air gap length, 'g , given by: 

 
βcos' ⋅= gg                 ( 4.3) 

 
where g  is the real air gap length of the Shark SRM and β  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 a longer stack length, given by equation (4.2), and the same air gap length as the 
Shark SRM or alternatively 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.  
 

   
 

 

 
 
 
 
 

Fig.4.4 Bulk saturation regions in CSRM 

 

 

 

 

 

 

 

 

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

and '
stkl  ), 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 a longer 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 stkl ), 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 

1rD , 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 1rD  

and 2rD , as it 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 G1 and G2, which are illustrated in 
Fig.4.6. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.4.6 Illustration 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 1rD  

•  Point G2, at the root of the stator Shark segment, is described by the diameter 2sD , defined 

in terms of rotor original diameter 1rD  and the dimensions of the Shark tooth by equation 
(4.4). 

 

βcos
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g
hDD shkrs ⋅+⋅+=                 (4.4) 

 
The mean air gap diameter ( )mgD  may be defined by: 
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where: 1rD  and 2sD  are defined above, shkh  is the height of the Shark tooth, g is the air gap 

length of the original machine and β  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). 
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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). 
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The diameters calculated by equations (4.5), (4.6) and (4.7) and the air gap length calculated by 
equation (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 
•  There is no flux leakage – that is all flux passes from stator to the rotor and back  
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•  The flux is linked with all the turns 
 
To support the calculations, the magnetic circuit of a 6/4 CSRM in the aligned 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 general configuration Ns/Nr, the magnetic circuit consists of ph
Ns   (Ns is the number 

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

as illustrated 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 spw  determined from the stator equivalent 

diameter )(msD and the stator pole angle, sβ , of the original machine: 
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The cross-section area of the stator pole spA  may be obtained as: 

 
 stkspsp lwA ⋅=                                       (4.9) 

 
The length of the flux path will be spl , equal to: 
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o Rotor poles 
 

The width of the rotor pole rpw  is given by: 
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Then the cross-section rpA  will be: 

 

stklrpwrpA ⋅=                  (4.12) 
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and the length of the flux path rpl : 
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o Air gap regions 
 

The equivalent width gw  and the air gap cross-section, gA , are determined using the mean air gap 

diameter, ( )mgD . 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 

rs ββ < . 

 
The equivalent width of the flux region in the air gap is obtained by: 
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where:  
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These equations are justified by the fact that the regions of fringe flux may be considered equivalent 
to a slot 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:  
 

stkgg lwA ⋅=                 (4.17) 

 
The length of the flux path across the air gap, gl , is twice the equivalent air gap length, βcos⋅g , 

because of the symmetry with respect to the x-axis:  
 

βcos2 ⋅⋅= glg                 (4.18) 
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o Stator yoke 
 
The yoke cross-section syA  is not affected by the presence of the Shark teeth in the machine: 
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stksysy lwA ⋅=                (4.20) 

 
and the general expression for the length of the flux path through the stator yoke, syl , may be 

approximated by: 
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o Rotor yoke 

 
The cross-section, ryA , of the rotor yoke may be determined by: 
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while the length, ryl , of magnetic circuit may be approximated by: 
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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:  
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where: gB  is the flux density in the air gap, spH , rpH , syH , ryH  are the field intensities in the 

stator poles, rotor poles, stator yoke and rotor yoke respectively, and gl , spl , rpl , syl , ryl  are the 

estimated lengths of the air gap, stator and rotor poles, stator and rotor yokes respectively, phN  is 

the number of turns in series per phase, i  is the current flowing through the phase winding and 

0µ is 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 Nph. 
 

4.3.2 Limitations of the model 
 
The model presented above, provides reliable results for a limited 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, 
which is illustrated in Fig.4.7 and Fig. 4.8. The field pattern in the Shark air gap, having short tooth 
pitch, proves to 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 is longer than g .  
 

Fig. 4.7 Illustration of the field pattern in the Shark air gap, having 
lshk>2g and β=35 [degree]. The length of the field line across the 
air gap is equal to g  

 
 
 
 
   
 
 
 
 
 
 

 

 

Fig. 4.8 Illustration of the field pattern in the 
Shark air gap, having lshk<2g and β=65 [degree]. 
The length of the field line across the air gap is 
approximately g/cosβ 

 
Due to these changes in the field pattern the viability of the present model is limited 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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where:  el  is the length of the overlapped sides, shkl  is the Shark tooth pitch, β  defines the shape 

of the Shark tooth and g  is the air gap length of the specified Shark SRM. 
 
After simplification, condition (4.27) becomes: 
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As βsin  is always less or equal to unity, it results that if glshk ⋅> 2  then the inequality is satisfied 

for any angle β . Consequently, there is no limitation of the model.  However, if glshk ⋅< 2 , then 

the upper limit of the angle β  is given by: 
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For limββ > , the air gap length used in calculation has to be considered equal to g  and not to the 

equivalent value, 'g , as it is given by equation (4.3). 
 
A stronger formulation of the condition (4.27), which assures that the air gap area is effectively 
crossed by the field lines, has been derived based on the data from section 3.3.2:  
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where tn  is the number of Shark profiles accommodated along a specified stack length, stkl . 

 
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 area will be reduced 
in the Shark SRM compared with that in the reference CSRM. If the same number of turns is to 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. This limit is calculated using equations 
from Appendix C.2 and the results are illustrated in Fig.4.9 for a 6/4 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 slot, if the height of the Shark teeth were limited to 
a maximum kw=22 [%] of the stator pole height. 
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Fig. 4.9 Illustration of the limitation of the height of the Shark tooth 

  

This condition is expressed by: 

 

polehwkshkh ⋅≤                 (4.30) 

 

where: 
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and 
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Equations (4.30)-(4.32) provide the expression of the maximum angle allowed for a specified Shark 
segment: 
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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 a 12/8 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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Fig.4.10 Magnetisation characteristic in the aligned position of the cylindrical air gap SRM 6/4, having the dimensions 
given in Appendix A.2.  

 

•  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: 
 

•  the average air gap diameter was replaced by the initial air gap diameter of the CSRM 
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•  the air gap length was written such as to account for the non-uniform distribution of the flux 
density in the air gap: ββ tan2cos' ⋅⋅⋅−⋅= gngg t      

 
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 radial 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 is illustrated but the model is described for a general configuration Ns/Nr 
of SRM.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.4.13 Flux paths through the air in the unaligned position of a cylindrical 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 inductance6 significantly: 
 

•  the clearance, e , between stator and rotor poles  
•  the distance, ig , from the stator pole surface to the rotor interpolar surface  

•  the rotor diameter, ( )mrD , 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: 
 

•  Flux lines which leave the stator pole side and enter the stator  back iron (region 1) 
•  Flux lines which leave the stator pole side and enter the rotor pole face  (region 2) 
•  Flux lines which leave the stator pole side and enter the rotor pole side (region 3) 
•  Flux lines which leave the stator pole face and enter the rotor pole side (region 4) 
•  Flux lines which 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 Ol and Or. Point Ol defines the 
transition between region 1 and region 2 and point Or defines the transition between region 4 and 
region 5. The location of the point Ol may be specified analytically based on the conditions that the 
lengths of the flux lines starting from point Ol are equal. The ratio of the length of these lines is 
equal to the ratio of the amp-turns linked by them. This leads to: 
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           (4.34) 

 
which  together with yuvmn ++=+ , makes possible to locate the point Ol, by determining the 

length, n, from Ol to the rotor interpolar face: 
 

( )
a

cabb
On l ⋅

⋅⋅−+−=
2

42

,              (4.35) 

 
where a,b,c  are expressed as function of the dimensions shown in Fig.4.13: 
 







 ⋅+⋅+= uva

2

1

42

πγ
               (4.36) 

( )yuvvb ++⋅⋅−= γ                (4.37) 

                                                 
6 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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The location of the point Or, may be determined from the condition that the length of the circular 
arc OrO1 is equal to the length of the segment OrO2. This condition makes that: 
 

( )r

g
t i

−−
⋅=
φπ

2
                (4.39) 

 
Having defined the location of points Ol and Or, the geometrical description of the field pattern is 
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 as it 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 parameters is 
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, CSRMΨ  may be written as a function of the flux 

linkage of the five flux paths, 5,1, =Ψ jj , illustrated in Fig.4.13: 

 

∑
=

Ψ⋅=Ψ
5

1

2
j

jCSRM                 (4.40) 

 
where 2 is due to the symmetry with respect to the pole axis. 
 
The inductance of one phase may be determined by: 
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because there are  







ph

Ns  poles per phase.  

 
Combining equations (4.40) and (4.41) it results that: 
 

∑
=

××=
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2
j

j
s

CSRM L
ph

N
L                (4.42) 

 

where: 5,1, =
Y

= j
i

L j
j  

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

'
0

2
CSRMstkphCSRM PlNL ×××= m               (4.44) 

 
where fl  is the effective core length, accounting for the end flux. Its expression will be discussed 

later in this section. 5,1,' =jPj  are the normalised permeances of the flux paths illustrated in    

Fig.4.13 and '
CSRMP  is the 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 a total equivalent normalised permeance such as the resulting expression is related to 

the stack length, stkl . In '
CSRMP , the end effects are included. 

 
(d) Calculation of the normalised permeance 

 

Equation (4.42) may be expressed in terms of permeance, 5,1, =jPj  by: 
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By comparing equation (4.43) and (4.45), it may be found that: 
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where sN  is the number of stator poles and ph  is the number of phase of the motor. 

 
In terms of inductance, the normalised permeance becomes: 
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The total normalised inductance may be calculated as: 
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(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  1L  is determined by considering that the number of turns, N , linked by the flux path, 
is given by the relation (4.49). 
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where turnsN  is the number of turns in series per pole. 

 
The resulting expression for the inductance of the region 1 is: 
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
××= gm              (4.50) 

 
The dimension lf 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 2L  is expressed by equation (4.51).  
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Component  3L  may be expressed by: 
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Components 4L  and 5L  may be calculated by: 
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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 lf is determined by: 
 

( )σ−⋅⋅+= 12 nll stkf                 (4.55) 

 
where n is defined in Fig.4.13. 
 
In order to determine the coefficient σ , a fictious uniform air gap, fg , is defined. For simplicity, 

the method of [68] was adopted. It resulted in: 
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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 as it is illustrated in Table 4.1. Therefore, the inductances associated to regions 1÷5 in 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 ktoothL , 

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, 

fl , by accounting for the dimensions of the Shark profile: 
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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 the rotor pole Shark teeth on both stator 
and rotor 
 

Shark profiles on the stator pole  
 

Shark profiles on the stator pole 
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(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, 

Wk , which is defined as the ratio of the energy change in the two considered motors. Its 

mathematical expression is given by: 
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where 
 

( )
constiSharkreference WWW =−=∆ minmax/                

(4.59)  

with: ( ) maxmin,,,
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jdiiW
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(4.60) 
 
where ( )θλ ,i  is the 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) Identical number of turns in CSRM and Shark SRM.  
 
The energy gain calculated analytically for different Shark configurations is presented in Fig.4.15. 
The envelope represents the dependence of the Shark tooth pitch on the angle β , 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 
( shkl  5 [mm], β =50 [deg]).  
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Fig.4.15 Energy gain as a function of β and tooth pitch for Shark SRM, having constant number of turns per pole Nturns 

and high current 
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The energy gain at a lower current i.e 1 [A] is illustrated 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 also be observed that the optimum 
configuration of Shark air gap is obtained again for Shark tooth pitch, shkl , of 5 [mm] and angle, 

β  =50 [deg].  
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Fig.4.16 Energy gain as a function of β and tooth pitch for Shark SRM, having constant number of turns per pole Nturns 

and low current 

 
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 β  of 47.5 

[degree].  
 
This time the diagrams plotted for a maximum current of 3 [A] indicate that the optimum 
configuration the Shark profile is length shkl =4 [mm] and angle β =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.  
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Fig.4.17 Energy gain characteristics for the different β  and shkl  of Shark segment, when the number of turns per 

pole varies proportional to the available winding area for wk =20 [%]. 
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Fig.4.18 Energy gain characteristics for the different β  and shkl  of Shark segment, when the number of turns per 

pole varies proportional to the available winding area for wk =20 [%], i=1 [A] 

 
It may be concluded that the optimum Shark configuration lies in 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 β  of 45 [deg] and tooth pitch shkl  of 4[mm] was selected. 
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4.6 Analytical calculation of the static force in Shark Switched 
Reluctance Motor  
 
Generally, three forces are produced in any electrical machine. These are: 
 

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

•  Radial 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 
are reported [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 calculate 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 analytical 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, a radial force, ( )c
rf and a tangential force, ( )c

tf  are produced. The axial force is very 

low and it may be neglected. This is illustrated 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 ( )1
nf  and ( )2

nf . Each normal component ( )i
nf  has itself two components; one 

component acts along the lamination stack and is termed axial force, ( )1
af , ( )2

af ; the second 

component acts radially to the motor and is termed radial force, ( )1
rf , ( )2

rf . The axial components 
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( )1
af  and ( )2

af  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, δ . 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 β , defining the geometry of the Shark tooth: 

 
•  radial component: 

 
( ) ( ) βcos11 ⋅= nr ff              (4.61) 

 
•  axial component: 

 
( ) ( ) βsin11 ⋅= na ff               (4.62) 

 
 

 
 
 

a) cylindrical air gap SRM   

 

b) Shark SRM, having axially 
symmetrical air gap 

c) Shark SRM, having axially 
unsymmetrical air gap 

Fig.4.19 Illustration of the forces produced in the axial 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: 
 

( ) ( )11
n

c
r ff =                  (4.63) 

 

where: ( )1c
rf  is the radial force and ( )1

nf  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: 
 

( ) 01 =c
af                  (4.64) 

 
The tangential component of the equivalent CSRM is identical 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, maxδ  is: 

 

β
δ

sin
max

g
=                  (4.65) 

 

then, the actual displacement may be written as a ratio δk  of  maxδ : 
 

maxδδδ ⋅= k           (4.66) 

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

βδδ sin1 ⋅−=−= gggg                (4.67) 

 
βδδ sin2 ⋅+=+= gggg                (4.68) 
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Fig.4.20 Illustration of the calculation of the maximum 

displacement maxδ  

 
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 analytical 
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 infinitesimal 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: 
 

•  The normal 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: 

 

( ) 2,1, =
∂

∂
= i

ig
iWi

nf                  (4.69) 

 
•  The axial force may be determined by the change in the co-energy with respect to the 

coordinate z: 
 

( ) 2,1, =
∂

∂
= i

iz
iWi

af                (4.70) 

 
•  The radial force may be determined from the change of the co-energy with respect to the 

coordinate y: 

( ) 2,1, =
∂
∂

= i
y

W
f

i

ii
r               (4.71) 

 
or direct from axial force: 
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y 
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2,1,
tan

)(
)( == i

f
f

i
ai

r β
                        (4.72) 

 
or  by: 

•  axial component: ( ) ( ) 2,1,sin =⋅= iff ci
r

i
a β                                   

 
 

•  radial component: ( ) ( ) 2,1,cos =⋅= iff ci
r

i
r β                                   

 
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 is to provide only a general 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 as well. 
 
Axial 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 is the angle β  and the Shark tooth pitch, shkl . 

 
a) Study of the radial force 

 
In this subsection, the normal and radial forces produced in a Shark SRM are studied with 
symmetrical ( 0=δk ) and unsymmetrical ( 0≠δk ) 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 ( )1
nf  or ( )2

nf  in Fig.4.19. However, because the total force produces the effects mentioned 

above, this will be used in the following paragraphs. The resulting force is determined for the Shark 
SRM formed by all sides 1 of the initial 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 forces is illustrated 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 β . It may 

also be seen that the Shark tooth pitch, shkl , 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 maximum1.7 [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 
force is substantial. This is illustrated 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 β  and by increasing the tooth pitch, shkl . The corresponding radial force, 

which is illustrated in Fig. 4.24, decreases by increasing the angle, β , and the tooth pitch, shkl . 
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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 β , as shown in 

Fig.4.25.  For a specified tooth pitch, the increase in axial displacement determines the increase in 
the total radial force only for a limited range of angles β . By increasing β , the total radial force is 

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, ( )1
rF , having a shorter 

air gap, increases compared to the corresponding value of the Shark SRM with symmetric air gap 

( 0=δk ). On the other hand, the total radial force corresponding to the side 2, ( )2
rF , having longer 

air gap is smaller than that of the Shark SRM having symmetrical air gap ( 0=δk ). 
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Fig.4.25 Total radial force in 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 a function of the angle β  of the Shark profile 

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

•  A Shark profile having a large angle β  and long Shark tooth pitch is beneficial if the radial 

force were of main concern 
•  The difference in the magnitude of the normal 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: 

 

( ) ( )( )
4

21 shk
rr

l
ff ⋅−=τ                

(4.76) 
 

b) Study 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 5.0=δk , 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 β  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 β . 

 
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, 5.0=δk , and low current 

 
Fig.4.29 Total axial force produced on each side of the Shark teeth and total resultant axial force in Shark SRM having, 

axially unsymmetrical air gap, 5.0=δk , and high current 



Chapter 4 Analytical modelling of the Shark Switched Reluctance Motor 

116 

 
For high current, the same forces are represented for various Shark configurations in Fig.4.29. The 
total axial force corresponding to each side of the Shark teeth increases by increasing the angle β . 

However, by increasing the angle β , the resultant axial force increases to a maximum value, 

afterwards, starting to decrease.  
 
The influence of the axial displacement on the axial force is illustrated 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.  

 
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 
is illustrated 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 idea is 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 a numerical method (FEA) for a large 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 area is 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 ][4 mmlshk =  and the 

angle [deg]45=β . 
 
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), a cylindrical 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 aim 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, a review 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 motors was preferred in this work.   
 
To reach the objectives of the chapter a basis 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.  

 
 
 
 
 
 
 

 

Fig. 5.1 Basic methodologies 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 

material necessary output 
requirement 

output 
capability 

material and   dimensions 
constraints Approach 1 
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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 methodology 
of the analysis have to be defined. 
 
Initial constraints 
 
Defining the initial constraints ensures that the data are collected in identical or similar conditions 
for each motor. These constraints fall into two categories: 
 

•  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 
MG71 (Fig. 5.2.a). This is 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 volumes7 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 is identical 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 torque. 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]. 

                                                 
7 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 
symbol 

Unit IM CSRM Shark SRM BLDCM 

specifications 
1 output power  Pm [W] 550 550 550 268 
2 shaft torque  Tsh [Nm] 1.85 1.9 1.9 1.1 
3 speed  ω [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 lstk [mm] 60 60 60 40 
8 total length with 

winding overhang 
      

 
Comparison criteria 
 
Definition of the comparison criteria is a controversial 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  
 
Steady-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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Fig.5.3 Configuration of the test system [82] 

Fig.5.4 Measurement points in 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, fwP  (provided by 

Grundfos and given in Table 5.2), the core losses were calculated by: 
 

2
000 3 IRPPP sfwcore ⋅⋅−−=                  (5.2) 

 

where 0P  is the input power, 0I  is the no-load current, 0R is the measured phase resistance, fwP is 

the friction and windage loss  and coreP   is the core loss. 

 

Table 5.2 No-load measured data for core loss determination 

P0 [W] I0 [A] R0 [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 all 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 load there 
is an excess of magnetisation, corresponding to a large magnetisation current. Therefore, an 
adequate control strategy may significantly improve the performance8 of the machine.  
 
The loss distribution for the IM supplied with rated voltage, operating at various load torque is 
shown in Fig.5.8.  

                                                 
8 For a 4 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. 



Chapter 5 Measurement and comparison of different motor types 
 

126 

75%

1%
< 1%

14%
9%

82%

< 1%
2%

10%
5%

82%

< 1%
4%

10%4%

81%

< 1%
5%

11%3%

77%

< 1%
7%

13%2%

74%

< 1%
9%

15%2%

Pcore 

Pmech Pmech 
Pmech 

Pmech Pmech Pmech 

Pcore Pcore 

Pcore Pcore Pcore 

PCu s PCu s PCu s 

PCu s PCu s PCu s 

PCu r 
PCu r PCu r 

PCu r 
PCu r 

PCu r 

Pstray 

Pstray Pstray 

Pstray 
Pstray Pstray 

 
 

Fig.5.7 Measured loss distribution for IM supplied with sinusoidal rated voltage. 
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Fig.5.8 Mechanical, core and copper losses measured for the IM at rated speed 2820 [rpm] 

 
5.3.2 Measurements on 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 αon, turn off angle αoff 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. 

T/Tr=25% T/Tr=50% T/Tr=75% 

T/Tr=100% T/Tr=125% T/Tr=150% 
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The search procedure was based on the idea that the duty cycle in 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 almost 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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                                              a)                                                                                                 b) 

Fig.5.10 Variation of the optimum turn on and commutation angles of CSRM as a function of load torque  
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                                           a)                                                                                                     b) 

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 a wide range of load torque as seen in Fig.5.12 a. In Fig.5.12 b, it may be observed that 
the efficiency is improved for increasing operation speed. 
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       a)           b) 

Fig.5.12  Measured efficiency as a function 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, as illustrated 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 a larger proportion of the total loss.  
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                                                 a)                                                                                               b) 

Fig.5.13  Loss distribution as a function 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 also 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 are illustrated in Fig.5.14.  
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Fig.5.14 Turn on angle as a function 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 
it is for the CSRM. This is a direct 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 RMS current, as it 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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                                                     a)                                                                                                   b) 

Fig.5.15 Measured efficiency for the Shark SRM. a) Efficiency as a function of torque at different speed values.            b) 
Efficiency as a function of speed at different torque values. 

 
At rated speed (ω=2800 [rpm]) the loss characteristics of the Shark SRM as a function of load 
torque are presented in Fig.5.16. As in 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.  

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
55

60

65

70

75

80

85

90

95

100

105

load torque [Nm]

ef
fic

ie
nc

y 
[%

]
IM:              test ω=2820 [rpm]  
CSRM:        test ω=2800 [rpm]      
Shark SRM: test ω=2800 [rpm]        
BLDCM:       test ω=2800 [rpm]      

IM:              Tr=1.85 [Nm], ωr =2820 [rpm]

CSRM:        Tr=1.90 [Nm], ωr =2800 [rpm]

Shark SRM: Tr=1.90 [Nm], ωr =2800 [rpm]

BLDCM:       Tr=1.10 [Nm], ωr =2250 [rpm]

 
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 loss makes 
the largest contribution to the total loss.  
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Fig.5.18 Loss distribution in [W] at 2250 [rpm] 

 



Chapter 5 Measurement and comparison of different motor types 

133 

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 all motors used in comparison. It may be observed that: 
 

•  Air gaps of the IM, CSRM and Shark SRM are identical. The BLDCM has a longer air gap 
but this does not make much difference because of the use of permanent magnets –Table 3, 
row 5 

•  The width 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 poles in IM and SRM – row 4 

•  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 
 name 

Parameter 
symbol 

Unit IM SRM Shark 
SRM 

BLDCM 

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 Dr [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 Dsh [mm]   20.00   20.00   20.00   20.00 
11 stack length lstk [mm]   60.00   60.00   60.00   40.00 

 
The following observations may be made for the data in Table 5.4 and Fig.5.19: 
 

•  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, row1.  

•  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 slightly less iron compared to the IM. This is due to the fact 
that more iron 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, is in the SRM, 
Table 4, row 5  

 

Table 5.4 Distribution of the mass in IM, CSRM, Shark SRM and BLDCM 

row Parameter 
name 

Parameter 
symbol 

Unit IM CSRM Shark 
SRM 

BLDC
M 

1 copper mass mCu [Kg] 0.959      0.479      0.479      0.787 
2 aluminium mass mAl [Kg] 0.221 - - - 
3 iron mass mFe [Kg] 2.810      2.587  2.587  1.654 
4 permanent magnet mass mPM [Kg] - - - 0.110 
5 total material used for excitation 

(1+3+4) 
mexc

9 [Kg] 1.178 0.479 0.479 0.897 

6 total mass (2+5) mtotal [Kg] 3.988 3.066 3.066 2.552 
 

                                                 
9 mexcitation is the total mass of the materials used to produce the mmf required for magnetization of the iron regions. It 
consists of mPM , mCu and mAl. 
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Fig.5.19 Mass distribution a) IM, b) SRM, c) BLDCM 

 

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. This may be seen in 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, this is unfair for the BLDCM. 
 
The output coefficients, which are compared in this section are: 
 

a. Efficiency 
b. Loss distribution 
c. Power factor 
d. Electric and magnetic loadings 
e. Torque per current square 
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Table 5.5 Geometrical, electrical and magnetic variables of the IM, CSRM, Shark SRM, BLDCM. 

row Parameter  
name 

Parameter  
symbol 

Unit IM CSRM Shark 
SRM 

BLDCM 

1 torque T [Nm] 1.856 1.9 1.9 1.9 
2 speed ω [rpm] 2822 2800 2800 2800 
3 turns per phase Nph  420.00 556.00 556.00  225.00 
4 current Irms [A]     1.25      1.32      1.14      4.00 
5 phase resistance Rph [Ω] 13.7 11 11 1 
6 magnetomotive force MMF [A turns] 525.00 778.00 634.00  900.00 
7 magnets 

magnetomotive force 
pm MMF [A turns] - - - 1338.00 

8 total magnetomotive 
force 

total MMF [A turns] 525.00 778.00 634.00 2238.00 

9 rotor diameter Dsg [mm]   56.00   55.20   55.2     54.40 
10 electric loading A1 [A/mm]   18.40   28.30   23.00     32.20 
11 magnetic loading Bg [T]     0.28 

(0.79) 
    0.14    0.24       0.57 

12  Bg·A1 [TA/mm]     5.20     4.00    5.50     18.40 
13 power factor pf -     0.82     0.45    0.50       0.90 
14 output power Pout [W] 548 558 558 558 
15 stator conductive loss PCu (s) [W] 73.3  58 40 50 
16 rotor conductive loss PAl(r) [W] 35.3 - - - 
17 total conductive loss PCu(t)  [W] 108.6 58 40 50 
18 electromagnetic 

power 
Pem    [W] 607.7 588.4 586.3 630 

19 core loss PFe [W] 17.93 25.39 23.3 116 
20 friction and windage 

loss 
Pfw [W] 6.7 5 5 6 

21 input power Pin  [W] 681 646.4 626.3 680 
22 total loss ∆P  [W] 133 92 82 121 
23 efficiency η  [%] 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, outP , to input 

power, inP : 

 

in

out

P

P=η                                   (5.3) 
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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 10 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 substantially 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 is illustrated 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 
already 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. Loss distribution 
 

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 
motors tested is identified, 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 a simplified 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 less 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 loss in 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. 

•  The iron losses are not much bigger in CSRM and Shark SRM (about 4% point of those in 
IM) compared to the IM. This is 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: 
 

2
rmsphCu IRphP ⋅⋅=                  (5.4) 

 
where: ph  is the  number of phases; phR  is the phase resistance and rmsI  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 is important 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 is wound for a lower voltage than the Shark SRM is. 
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Fig.5.23 Copper loss variation with load torque at rated speed ω=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/Tr 0.26 0.47 0.78 1 
1 IShark SRM 0.36 0.63 0.89 1.14 
2 ICSRM 0.6 0.8 1.14 1.4 
3 IShark SRM/ICSRM [%] 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 
circumferential length and they indicate how much load (electric and magnetic) is in the air gap. In 
this section these two variables are defined for each of the considered machine. 
 
The electric loading in IM represents the total RMS current ( rmsph IN ⋅ ) per unit length of 

periphery of the machine. In a ph -phase machine, having phN  turns in series per phase, there are 

phNph ⋅  turns carrying a current Irms. As each turn has two sides, the total MMF around the air 

gap is rmsph INph ⋅⋅⋅2 . The armature electric loading is then defined by: 
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r

rmsph

D

INph
A

⋅
⋅⋅⋅

=
π

2
1                  (5.5) 

 
where rD  is the rotor 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, poleΦ , is 

given by: 
 

ph
rstk

pole N
p

Dl
B ⋅

⋅
⋅⋅⋅=Φ

2

π
                (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 linkage11 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 expresses this idea is: 
 

phrstkph NDlBm ⋅⋅⋅⋅=⋅ πψ                 (5.7) 

 

It must be noticed that the average flux linkage phψ  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 the all ph  phases together as in 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.   
  
                                                 
11 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 is influenced by both the nature of the load (resistive, inductive or capacitive) and 
the shape of the voltage and current waveforms supplied to the motor terminals. The load is 
inductive in all four motors, but the voltage and current wave shapes are different: 
 

•  The IM  is supplied 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 
•  The BLDCM is supplied by square wave voltage.   

 
Bearing these observations in mind, it may be observed, from the measured power factor 
characteristics illustrated in Fig.5.24 that: 
 

•  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: 

 

     
rmsrms

phasemean

IU

P
PF

⋅
= /

                (5.8) 

 
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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Fig.5.24 Power factor characteristics for the IM at ω = 2820[rpm] CSRM, Shark SRM, BLDCM at (ω = 2800[rpm]) 

 
e. Torque-current square 
 

Torque 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 ω= 2800 [rpm] for CSRM and Shark SRM and at ω=2822 [rpm] for 
the IM 
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f. Specific torque 
 
The torque to weight ratio provides the basis for estimation of the relative cost of different motor 
technologies. The following ratios are defined: 
 

•  Torque per unit iron mass T/miron 
•  Torque per unit copper mass T/mCu 
•  Torque per active mass T/mactive 

 
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 
symbol 

Unit IM CSRM SharkSRM BLDCM 

1 torque per iron mass T/miron [Nm/Kg] 0.65 0.73 1.05 1.15 
2 torque per copper mass T/mCu [Nm/Kg] 1.93 3.97 5.71 2.40 
3 torque per active mass T/mactive [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 a year is illustrated in Fig.5.27. The figures show that the 
Shark SRM is the 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 calculate 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 electromagnetic 
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 
is larger 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 
a cylindrical 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 falls 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 focus is 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 alignment 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: 
 

(a) 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 
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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 as is the case in the cylindrical air gap SRM. 

 
(d) The alignment of stator and rotor stacks along the longitudinal axis of the machine requires 

special attention. In chapter 4, it was shown that a slight 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 is investigated 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: 
 

•  the thickness of the lamination sheet, which is generally in the range 0.15 to 1 mm 
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•  the hardness of the material (hard silicon steel), which is generally in the range 65-80Rb6.1 
[113]  

 
The requirements for the quality of the surface are defined by: 
 

•  the tolerances 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. This is, 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. 
 
 
 
 
 
 
 
 
 

   

                    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, material 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 also affects the quality of the surface by determining the ratio of the burnished surface 

                                                 
6.1 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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to the rough area (see Fig.6.6 b). At higher speed, the heat generated is confined to a smaller 
zone and the rough area is reduced.  

b) 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. 

 
c) 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 s0me 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 
material  the finished lamination may be annealed. 

 
 
 
 
 
 
 
 
 
 
 
 

                           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 sheets if 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 seems to 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-Chemical 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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a) Basic process of wire EDM 

 
 
 
 
 
      
 
 
 
 
 
 
 
 

b) Additional material removal due to the high       
temperature 

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 as it was shown in the 
previous section, the temperature affects the magnetic properties of the steel. However, a detailed 
study of these effects is not in the scope of this work. 
 

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) is widely 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 
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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 0.05 to 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. 
 

o 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 c 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 superficial layer. 
Consequently, the local magnetic properties and insulation layer may be damaged. 

 
•  for cutting metal sheet with edges tapered at a prescribed angle 
 

o  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 WJM 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 the EDM 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 WJM provides clean surfaces without heat damage.  

 
It may be concluded that the AWJM 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 
dies if 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, lshk, is 4[mm] and the total 
stack length lstk is 60 [mm], which gives a number of 15 Shark teeth. The main dimensions are 
given in Appendix A.2. 
 
The technological process consists of several steps:  
 

•  stator stack forming 
 

o a complete lamination stack, having the inner diameter equal to the minimum Shark 
diameter Dsg , was cut initially (see Fig.6.5 a) 

 
o then groups of four laminations (half a Shark tooth) were formed at the prescribed 

angle β using the wire EDM. 
 

•  rotor stack forming 
 

o a complete lamination stack, having the outer diameter equal to the maximum Shark 
rotor diameter Dr1 was initially cut (see Fig.6.5 b) 

o then each group of four laminations (half a Shark tooth) was formed at the 
prescribed angle β using the wire EDM. 

 
 
 
 
 
 
 
 
 
 
 
 
 

   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 possibilities fall into the following categories: 
 

(a) 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 are illustrated 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 β 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 β.  

 
(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.  
 
 

 
 

 
 

 

 

 

 

Fig.6.6 Stator split into two parts facilitates the assembly of the Shark SRM.  (source Mitsui High-tec). 
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Fig.6.7 Illustration of the assembly solution of Shark structures by split stator [116] 

 
 
 
 
 
 
 
 

 

Fig.6.8 Illustration 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 coil 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 slipped 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 
coils into slots using a shuttle. This operation would be time consuming. The second method is to 
wind the coils separately and then slip them into place as shown in this section. 
 
The idea is to 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.  
 

  
Fig.6.10 Illustration of the process of coil insertion into a slot of a Shark SRM. 

 
Then the rotor is gradually rotated to allow the second side of the coil to slip into position. 
However, this solution is almost impossible, because the coil is very 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 
slot. The complete process is illustrated 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 slipped from position a to 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 a protective layer at the surface of the Shark indentation 
•  Protect the coils by packing them in a protective material 

 

  
 a)   b)   c)   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. Axial 
forces are produced on each side of the Shark teeth. In the case of a perfect axial 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 axial 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 axial displacement were initially identified as: 
 

(a) inaccurate axial 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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             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 (Fring 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 slots, 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 slots. 
 
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. This work was motivated by the idea that the efficiency of a specified electric 
motor may be improved by replacing the usual cylindrical air gap by a non-linear air gap. This idea 
is not new, other reports addressing this subject being published prior to this work [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 analysis tool for Shark air gap machines. As 'vehicle' for this study, a 
Switched Reluctance Machines was considered due to its simple geometry. 
 
The study considered the linear analysis and the Finite Element Analysis as main tools capable 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 profiles in 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, a linear 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 

 
•  The square-wave air gap SRM produces, at low current, more flux linkage than the CSRM 

and the saw-toothed air gap SRM 
 

•  The square-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. Its magnetisation characteristic has values between the characteristics of 
the saw and square wave air gap SRM.  Its shape is affected by the value of the parameter 

topl , which defines the geometry of the Shark tooth. For shktop ll / =0.5, the trapezoid tooth 

takes the shape of the square-wave tooth, whilst for shktop ll / =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: 
 

•  At the tip of the Shark tooth in the saw profile 
 
•  At the root 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 
 
•  Square wave 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 shkshk hl / =constant: 

 
•  Saw profile: the flux linkage is, at all current values, bigger than that of the CSRM as long 

as the active region of the air gap is not smaller than 90% of the total air gap area. 
 
•  Square wave 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 shkh =constant: 
 

•  Saw profile: the flux linkage increases as the length, lshk, increases 
 
•  Square wave profile: at low current the flux linkage increases with the decrease of the 

length, lshk. At high current the flux linkage decreases as the length, lshk, decreases. 
 
This analysis revealed a clear difference between the saw and square-wave tooth. This is that 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 β 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.  This was 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 as to use the existing models of the cylindrical air gap SRM. To do this the 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 a resultant axial force. If the axial movement of the rotor 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, a smaller radial 
component being produced by increasing the angle β . 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 β . 

However, at β  larger than 25-30 [deg], the axial force seems to decreases by increasing β . 

 
Measurements 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 as to 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 
in identical 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. 
This is explained 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.  
 
Manufacturing considerations 
 
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 coils into 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] is seed as a 
way opener for the application of the Shark concept in SRM. It was also shown that a single 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 a variety of solutions to 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 Illustration of the Induction Motor 

 
a) Design data 
 

Table A.1 Design data for the Induction Motor, Grundfos design, MG71 

Phases m      3 
Rotor poles Nr      2 
Stator slots Ns   24 
Shaft diameter [mm] Dsh      20.0 
Rotor pole root diameter [mm] Dbr      36.4 
Rotor crown diameter [mm] Dr       54.4 
Stator pole root dimeter [mm] Dbs      83.2 
Stator outside diameter [mm] Ds     106.5 
Air gap length [mm] g           0.3 
Stack length [mm] lstk       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] Vdc   400 
copper mass [Kg]  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 
 Applied torque in % of rated torque  

1 
150 [%] 

2 
125 [%] 

3 
100 [%] 

4  
75 [%] 

5 
50 [%] 

6 
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] 17.93 17.93 17.93 17.93 17.93 17.93 
16 Stator I2R Loss 164.99 113.86  73.29  49.30 33.78 27.29 
17 Power Across air gap [W] 911.08 742.19 594.77 451.77 306.29 157.78 
18 Rotor I2R Loss 94.44 60.62 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] 2.85 2.32 1.854 1.40 0.941 0.471 
22 Efficiency % 75.20 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] 293.85 204.7 138.1 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 
 cosφ 0.9 0.86 0.82 0.73 0.61 0.4 
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Appendix A.2  
Design data for the cylindrical air gap Switched Reluctance 
Motor 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A.2 Illustration of the cross-section of 
the Cylindrical air gap Switched Reluctance 
Motor (CSRM) 

a) Design data 
 

Table A.3 Design data for CSRM -  Danfoss design.  

Phases m      3 
Rotor poles Nr      4 
Stator poles Ns      6 
Shaft diameter [mm] Dsh      20.0 
Rotor pole root diameter [mm] Dbr      36.4 
Rotor crown diameter [mm] Dr       52.6 
Stator pole root dimeter [mm] Dbs      83.2 
Stator outside diameter [mm] Ds     106.5 
Air gap length [mm] g           0.3 
Stack length [mm] lstk       60.0 
Rotor pole angle [deg] βr        30.8 
Stator pole angle [deg] βs        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] Vdc   500 
copper mass [Kg]  0.48 
iron mass [Kg]  2.59 
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b) Measurement results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 Illustration 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 Nr      4 
Stator poles Ns      6 
Shaft diameter [mm] Dsh      20.0 
Rotor pole root diameter [mm] Dbr      36.4 
Rotor crown diameter [mm] Dr       52.6 
Stator pole root dimeter [mm] Dbs      83.2 
Stator outside diameter [mm] Ds     106.5 
Air gap length [mm] g           0.3 
Stack length [mm] lstk       60.0 
Rotor pole angle [deg] βr        30.8 
Stator pole angle [deg] βs        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] Vdc   500 
copper mass [Kg]  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 
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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 Illustration of the brushless DC motor 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.A.9 Illustration of the slot design of the brushless DC motor 
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a) Design data for the Grundfos BLDCM  
 

Table A.5 Design data for the BLDCM 

Phases ph      3 
Stator slots Ns    15 
Poles Nr      8 
Shaft diameter [mm] Dsh      18.0 
Rotor diameter – at magnet surface [mm] Dr       53.4 
Stator outside diameter [mm] Ds     106.5 
yoke tickness SYoke      5.0 
Air gap length [mm] g           0.5 
Stack length [mm] lstk       40.0 
Magnet pole arc βM  180 
Tickness of the magnet in direction of 
magnetisation [mm] 

LM      3 

Slot dimensions 
Stator tooth width [mm] Tw      6.5 
Slot depth [mm] SltDpth    21.05 
Slot open [mm] SltOpen      2.2 
Radial depth of stator tooth tip (slot 
opening depth) [mm] 

SltODpth      1.0 

Slot opening angle [deg] SltOAng    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] Vdc   500 
copper mass [Kg]  0.78 
iron mass [Kg]  1.65 
magnet mass [Kg]  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 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.B.1 Saw-toothed air gap – air gap layers and reading lines 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.B.2 Square-wave air gap– air gap layers and reading lines 
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Appendix B.2  

Air gap error distribution in saw-toothed and square-wave air 
gaps 
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Fig.B.3 Local error distribution in saw-toothed air gap 
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Fig.B.4 Local error distribution in saw-toothed air gap 
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Fig.B.5 Saw toothed air gap SRM 
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Fig.B.6 Square-wave air gap SRM 
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Appendix B.3 Saw-toothed air gap SRM  

Flux density distribution in the air gap layers 
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Fig.B.7 Flux density distribution in the four layers of the air gap in a Shark SRM (β=10[deg]), at low current 
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Fig.B.8 Flux density distribution in the four layers of the air gap in a Shark SRM (β=45[deg]), at low current 
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Fig.B.9 Flux density distribution in the four layers of the air gap in a Shark SRM (β=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 (β=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 
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Fig.B.11 Flux density distribution in the four layers of the air gap in a Shark SRM (β=10[deg]), at low current 
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Fig.B.12 Flux density distribution in the four layers of the air gap in a Shark SRM (β=45[deg]), at low current 
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Fig.B.13 Flux density distribution in the four layers of the air gap in a Shark SRM (β=10[deg]), at high current 
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Fig.B.14 Flux density distribution in the four layers of the air gap in a Shark SRM (β=45[deg]), at high current 
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Appendix B.5 Trapezoidal toothed air gap 
 

The analysis performed for the saw and square 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  lshk  and variable β 
b) constant β and variable lshk. 

 
a) constant  lshk  and variable β 
 

This case is illustrated 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 topl , the trapezoidal profile can be a saw  

( topl =0) or a square wave profile ( topl =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.  
 
 
 
 
 
 
 
 
 
 

 

 

Fig.B.15 Trapezoidal Shark teeth at constant β and different lengths 

 
To illustrate the magnetic behaviour of this profile, the magnetisation curves for Shark profiles with 
constant shkl , topl  equal to 0.4 of the tooth length shkl  are presented in Fig.B.16.  It results that 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 topl , 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 topl , as shown in Fig.B.17.  

g2 β 
hsqr 

lshk 

g1 

l1 

β1 

ltop 

g2 
β 

hsqr 

lshk 

g1 

l1 

β1 

ltop 
hshk

(1)<hshk
(2) 



Appendix B Definition of the air gap layers and verification of the FEA calculations  

177 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

current [A]

flu
x 

lin
ka

ge
 [

W
b]

β=0[deg]
β=10[deg]
β=20[deg]
β=30[deg]
β=40[deg]

lshk/g=13.33

ltop/lshk=0.4 

 

Fig.B.16 Magnetisation characteristics for trapezoidal air gap Shark SRM (ltop /lshk=0.4) 
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Fig.B.17 Crossing point between the magnetisation characteristics of the trapezoidal Shark SRM and CSRM 

 
Previously, it was mentioned that the trapezoidal profile is a generalisation 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 along 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 lshk at constant β 
 

This situation is illustrated in Fig.B.19, where two Shark teeth, with length and height modified as 

that .const
l

h

shk

shk = , are shown. 

 
 
 
 
 
 
 
 
 
 
 

Fig.B.19 Trapezoidal Shark teeth with equals angles β and different lshk  

 
The corresponding magnetisation characteristics are plotted in Fig.B.20 for β=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 happens is smaller for shorter teeth. This behaviour is similar to 
what was observed for the saw and for the square profiles. 
 

g2 β 
hshk 

lshk
(1) 

g1 

l1 

β1 

ltop 

g2 
β 

hsqr 

lshk
(2) 

g1 

l1 

β1 

ltop 



Appendix B Definition of the air gap layers and verification of the FEA calculations  

179 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

current [A]

flu
x 

lin
ka

ge
 [

W
b]

β=40 [deg]     
ltop/lshk=0.4

reference SRM

lshk/g=3

lshk/g=6.66

lshk/g=13.33

lshk/g=50

 

Fig.B.20 Magnetisation characteristics of the Shark SRM with trapezoidal air gap (ltop/lshk=0.4) 
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Appendix C 

Appendix C.1 Langevin function approach 
 
The idea of this approach is to 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, sM , the effective magnetic field, eH  and a parameter, a , which characterises the 

shape of the BH curve. The expression of the function as given in [70] is: 
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where: eH  is the effective field intensity, which by the coefficient α  considers the interactions 

between the separate magnetic domains (for details see [74]), MHHe ⋅+= α . 

 
In this approach, the flux linkage characteristic of the Shark SRM is expressed by using the 
Langevin function. The field variables in the Shark SRM are related to the field variables in the 
cylindrical air gap SRM (CSRM) by the following procedure. 
 

1. The flux linkage, Ψ , of the Shark SRM is expressed by the general equation: 
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where: eH  is the equivalent field intensity in the Shark SRM, sΨ  is the saturation flux linkage and 

a  is a parameter, 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, eH , 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, eH , is expressed function of the field intensity in the CSRM, H , 

and the actual flux linkage, Ψ , given by equation (C.2): 
 

Ψ⋅+= αHHe           (C.3) 

 
where α  and a  are functions of both material properties and the dimensions of the Shark profile. 
 

2. The initial values of the coefficients a  and α  are estimated from the BH curve of the 
magnetic material used in analysis 

3.  The dependence of the coefficients a , α  and sΨ  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 Illustration of the slot region 

 
The initial winding area is: 
 

000 vwAw ⋅=           (C.4) 

 
The total winding area, of the machine having Shark air gap may be determined by 
 

321 wwww AAAA ++=          (C.5) 

 
where: 
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The dimensions used in the above expression may be determined by; 
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δt – height of the Shark tooth 
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tδ  being equal to the height of the Shark tooth 
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Appendix C.3 Verification of the analytical model of a 6/4 SRM 
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Fig.C.2 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model   
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Fig.C.3 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model   
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Appendix C.4 

Verification of the analytical model for a 12/8 SRM 
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Fig.C.4 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model, illustrating the 

influence of the angle β    
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Fig.C.5 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model, illustrating the 

influence of the Sharl tooth pitch, shkl  
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Fig.C.6 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model   
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Fig.C.7 Magnetisation characteristics of Shark SRM, calculated by FEA and by analytical model   
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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 lines in the 
specified magnetic circuits 
 
 CSRM Shark SRM 
P1/P 0.0038 0.0041 
P2/P 0.1042 0.1102 
P3/P 0.1989 0.1690 
P4/P 0.0834 0.0895 
P5/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. 
 

 
Fig.C.8 Radial and axial forces on the two sides of the Shark profile 
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Fig.C.9 Radial and axial components on the two sides of the Shark profile 
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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: 
 

∑ ××=
i

i
j

ii
j prmprice a          (D.1) 

where PMFeAlCui ,,,= ,  0,1=ia  if material  i  is or not used the motor j , j
im is the mass of 

material i  used in motor j , and  ipr  is the price of material  i . 

The prices of different material are expressed function of iron price, Fepr , as following: 

 

Feii prKpr ×= , with  1=FeK         (D.2) 

 
With this definition, the expression of the cost of material used in a motor becomes: 
 

∑ ×××=
i

Fei
j

ii
j prKmprice a         (D.3) 
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