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Abstract 

Various motors have been investigated for electric vehicle (EV) application, namely 

the brushed and brushless DC motor, induction motor, permanent magnet (PM) motor. 

Each of the above motors, however, have its own deficiency. The switched reluctance 

motor (SRM) has superior features of simple, robust structure, low cost and better fault 

tolerance. Therefore, it a better candidate for EV application. 

However, limitation of the SRM is relatively lower torque density in comparison 

with the PM motor. In this thesis, two topologies of in-wheel motors based on switched 

reluctance principle are proposed to enhance the torque density. The first topology 

combines the idea of multi-tooth per stator pole and more rotor poles than stator teeth 

together. The magnetic principle of the proposed topology is analyzed initially for 

torque improvement. Then, the structure determination is made, including number of 

teeth per stator pole, number of rotor poles and number of phase, on the basis of higher 

torque output and efficiency. Moreover, the motor topology is optimized by genetic 

algorithm (GA) and equivalent magnetic circuit (EMC) model, while taking the design 

constraints for SRMs into consideration. The EMC model is utilized to obtain the value 

of self-inductance based on the calculation of different magnetic flux lines. The 

formula of fitness function, which focuses on specific torque and torque per unit of 

copper loss, can be defined from the calculation result of the self-inductance for GA 

optimization. 

A new hybrid reluctance motor by inserting permanent magnets between adjacent 



 

II 
 

stator poles of a multi-teeth SRM is put forward as the second topology. The operations 

are based on switched reluctance principle and the direction of winding configuration 

on adjacent phases is reversed corresponding to the magnetization direction of PMs. 

The function of PMs is not only to increase the flux quantity in the airgap, but also to 

regulate the flux density in the stator pole, reducing the saturation, to enhance the 

torque output. Then, the structural analysis is carried out to determine the shape of 

stator pole by using FEM, which concentrates on lower magnetic saturation. In 

addition, the optimization process is also on the basis of EMC model and GA method. 

Unlike SRMs, the EMC model of this topology takes the effect of PMs into 

consideration. For GA method, the objective function based on highest specific torque 

is obtained by EMC model calculation. With the design constraints for motors and 

some constant parameters considered, multi-variable optimization is implemented for 

the maximum value of objective function. 

After that, a motor with a smaller size and the same working principle of the hybrid 

reluctance topology is manufactured for high torque density experimental verification. 

The motor is an outer stator and inner rotor topology, designed and optimized by EMC 

model and GA method for the best torque performance. The static torque performance 

are measured and compared with FEM results. Besides, the torque-speed and output 

power-speed curves can be obtained from the experimental measurement. The 

experimental results demonstrate that the prototype can achieve high torque density, 

power output and efficiency. 
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Chapter 1 

Introduction 

In the past few decades, the transportation systems in the world are becoming 

necessary tools for mankind. The key transportation system is still based on petroleum 

because of the mature technology in internal combustion engine. However, due to 

lower efficiency of inner combustion engines, various kinds of toxic substances and 

greenhouse gases, like carbon dioxide and NOx, are emitted into the air. Also, the 

shortage and unstable supply of nonrenewable resources, mainly fossil fuels, together 

with air pollution and global warming, trigger the demands in development of next 

generation of electric vehicles (EVs) [1].   

According to [2], 27% global energy consumption derives from the transportation 

sector. EVs have the capability of reducing energy consumption due to its inherit high 

performance in power conversion [3]. In EVs, electrical machines replace conventional 

internal combustion engines which have poor efficiency.  

In this chapter, motors based on switched reluctance principle are examined. 

Background discussion on different kinds of dynamic devices to drive the vehicles is 

described. Then, different types of motors for the application of EVs are discussed. 

Moreover, the importance of a suitable motor for EVs is illustrated and the organization 

of the whole thesis is outlined. 
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1.1 Background 

  The appearance of the automobile dates back to around 1672 [4]. It can be classified 

into three main types based on its engine after decades of development: internal 

combustion engine, hybrid and electric type.  

The most dominant power supply installed on the car is the internal combustion 

engine (ICE) because of its long time history, mature technology and massive 

production. It is an engine where the combustion of one or more kinds of fuels occur 

with air in a combustion chamber. Then, the high temperature and pressure gases apply 

direct force to a moveable part, usually pistons, of the engine. The part is pushed over 

a distance, transforming chemical energy into useful mechanical energy [5]. The major 

fuel type is petrol, also known as gasoline, in the area of transportation [6]. Most 

engine’s thermodynamic efficiency, however, is usually less than 40%. For vehicle 

application, it may be even less than 20%. Furthermore, the incomplete burning of 

fuels not only sacrifices the efficiency, but causes toxic emissions, such as CO, NOx, 

as well, that pollutes the environment.  

To improve the energy conversion process, substantial research has been 

conducted: a fuel injection method is utilized to improve air fuel ratio [7]. Diesel fuel 

has been an alternative for gasoline due to the advantage of higher fuel efficiency [8]. 

It, however, increases the noise of the system. The turbocharger was introduced into 

automobiles to increase efficiency and power output by circulating exhaust gas [9]. 

Utilizing exhaust gas for power generation is put forward [10-12]. The efficiency has 

been improved, but slightly. 



 

3 
 

The natural gas automobile becomes a cleaner and cheaper alternative due to its 

low emission and widespread resources [13]. Large amount of investigation has been 

made for natural gas application to vehicles [14-18]. But efficiency is not improved 

compared with gasoline engines and low compression ratio may cause cropping of 

delivered power. Also, the emission of global warming gas, carbon dioxide, is not 

decreased. 

Hybrid vehicles utilize two or more types of power sources, usually ICE plus 

electric machines [19]. It has the advantages of regenerative braking, dual power and 

automatic start to improve efficiency and performance [20]. Several scholars have 

conducted deep research into this field to achieve low energy consumption and 

improve fuel economy by introducing advanced control or management method into 

the multisource system [21-24]. Nevertheless, this kind of automobile does not realize 

zero emission in the urban city and its cost is quite high.  

The electric vehicle is a new trend for the focus on renewable energy and 

increasing its proportion in the market in the 21st century. Further analysis and 

experiments are carried out to strengthen the battery life, efficiency and performance 

of the whole vehicles [25-29]. Also, the efficiency of electric motors is much higher 

than that of ICE. The greatest advantage, which determines its rapid increase in 

transportation, over other automobiles is achieving zero road side emission.  
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1.2 Literature Review 

1.2.1 Driven Motors for Electric Vehicles 

A. DC Motor 

  It is the simplest type of motor to convert mechanical energy into electricity. It is 

widely used in the early stage of EVs as a result of its low cost and high reliability. The 

principle of it is shown in Fig. 1-1, which contains a commutator and two brushes to 

ensure continuous performing. The converter for the DC motor is also simple as shown 

in Fig. 1-2: with Q1, Q4 on, Q2, Q3 off, positive rotation; with Q2, Q3 on, Q1, Q4 off, 

negative rotation; with Q1, Q3 on or Q2, Q4 on, free-wheeling mode. Some 

improvements in the control system of DC motor are proposed in [30-31]. However, 

because of the existence of carbon brushes and the commutator, the life-span is low. 

Furthermore, the weight and size is quite large with lower efficiency compared with 

other kinds of machines [32]. 

 

Fig. 1-1 Principle of the DC motor [33] 
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Fig. 1-2 Converter of the DC motor  

 

B. Brushless DC Motor 

  It merged in the 1960s following the advancement in solid state technology [34]. 

Better permanent magnet (PM) materials give further improvement to its performance. 

Due to the structure of no brushes or commutators, the life-span is long. Moreover, it 

has several other advantages over brushed DC motor, including high specific torque, 

efficiency, torque density and reduced noise. The schematic and converter circuit of a 

three phase six state brushless DC motor can be obtained from Fig. 1-3 and Fig. 1-4, 

respectively. To further improve the energy conversion efficiency, much study is 

conducted in this field. A position sensor-less and hybrid terminal sliding mode control 

have been proposed in [35] to enhance the dynamic performance and robust stability 

with more recovered energy. Research on the regenerative braking system containing 

fuzzy logic, PID method and artificial neutral network is carried out to take advantage 

of the maximum kinetic energy in [36-37]. The drawback of this kind of motor is that 

the cost is high, including power electronics circuit and PM materials.  
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Fig. 1-3 Schematic of a brushless DC motor [38] 
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Fig. 1-4 Converter circuit for a brushless DC motor 

C. Induction Motor 

Unlike the above two DC motors, the induction motor (IM) is an AC electric motor 

usually with three phases. It can be classified into a wound type and a squirrel-cage 

type. A prototype of it is shown in Fig. 1-5. Its advantage is that it contains no rare 

earth materials which are quite limited and expensive. The efficiency is also improved 

compared with a brushed DC motor. A loss model of the induction motor is proposed 

in [39] to minimize loss and ensures a high efficiency. A speed sensor-less control 

without a current controller for the IM is put forward in [40] to reduce the cost. A high 

performance IM drive is invented in [41] by adopting the maximum torque per ampere 

control to improve energy efficiency. A current control strategy for performance 

improvement in the flux weakening region for the IM is proposed in [42]. A sensor-

less control combining the idea of vector and sliding mode control is mentioned in [43]. 

All the researches above enhance the performance of IMs.  
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But there are some shortcomings for this kind of machine: windings on the rotor 

making the structure more complex, insufficient torque density and specific torque, 

relatively low power factor although many improvements have been made. 

 

Fig. 1-5 A prototype of the IM [44] 

D. PM Motor 

  This type can be classified into two research categories: permanent magnet 

synchronous motor (PMSM) and flux switching motor (FSM). Because of the 

utilization of NdFeB material, it is around two percent more efficient than the highest 

efficient IMs. The prototype of a surface-mounted and interior PMSM can be obtained 

from Fig. 1-6 (a) and (b). The PM motor has the feature of smaller size, higher torque 

and efficiency. This is the reason why the most experiments and investigations have 

been conducted in this field. Some methods of diagnosis and reduction of noise for 

PMSM are proposed in [45-47]. Documents [48-49] described the invention of novel 

fault diagnosis and tolerant control methods for normal operation. Some calculation 

and control techniques to optimize the performance of the motor are introduced in [50-

51]. Some design optimization and novel topologies of PMSM have been put forward 

in [52-56]. The contributions to this area make the PMSM a high performance 

candidate for EVs. But the existence of PMs introduces more cogging torque and 
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induced voltage in the stator windings due to the fluctuation of the rotor, which is 

unsafe for electric mobility.  

 

Fig. 1-6 (a) Prototype of a surface-mounted PMSM (b) prototype of an interior 

PMSM [57] 

A new type of motor inserting PMs into the stator is named FSM with the 

schematic shown in Fig. 1-7. Design and optimization methods of this kind of machine 

to improve the torque density can be found in [58-60]. However, the problem of 

cogging torque still exists and the manufacturing is more difficult. Both of them utilize 

PM material to enhance the excitation, which is rare earth and costly. Moreover, 

because of the sensitivity of PM material to the variation of temperature, irreversible 

demagnetization may occur under higher temperature condition and limits its 

application on high power occasion. Further exploration about alternative materials, 

such as soft magnetic composites, ferrite magnets, has been exerted in [61-64]. But the 

performance, like torque density and efficiency, is weakened. 

 

Fig. 1-7 Schematic of an FSM [58] 
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D. Reluctance Motor 

  It can be divided into two categories: synchronous reluctance motor (Syn-RM) and 

switched reluctance motor. Both of them are driven by reluctance torque. The 

difference is that the torque produced by the synchronous reluctance motor depends on 

flux barriers in the rotor while that produced by the switched reluctance motor depends 

on salient pole structure of the rotor. Also the current in the windings of the 

synchronous reluctance motor is sinusoidal AC while that of the switched reluctance 

motor is DC.  

  The topology of a synchronous reluctance motor is shown in Fig. 1-8. Many 

researchers have considered it as a candidate for EV application. Rotor structure design 

and magnetic material assisted methods are proposed to reduce torque ripple and 

improve torque density in [65] and [66], respectively. But mostly this kind of machine 

only has application in low power occasion. 

  For the switched reluctance motors, the thesis will discuss more about it in the 

application of EVs in the following chapters. 

Stator
Winding

Flux Barrier

Rotor
Shaft

 

Fig. 1-8 Topology of a synchronous reluctance motor [67] 
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1.2.2 Switched Reluctance Motors 

  The switched reluctance motor (SRM) has superior features of simple and robust 

configuration, low cost, wide speed range and fault tolerance. It has a double salient 

structure and there are no PMs or windings on or around the rotor. The principle of 

minimum magnetic reluctance determines the rotation of the motor. The torque 

production comes from the magnetic saliency between the stator and rotor poles when 

the concentrated windings around stator poles are under excitation, which indicates 

higher salient level brings higher torque output. Therefore, there is no need for 

windings or PMs to be added on the rotor. This enhances the safety factor when it is 

applied to EVs because there is no induced voltage in the winding even if there is a 

fluctuation on the rotor [68-69].  

Furthermore, the motor demonstrates a higher specific torque (torque per unit of 

weight) for a wide range of speed than the IM. But because of the elimination of PM 

materials, its torque density is lower than that of a brushless DC motor. And torque 

ripple is a major problem causing more noise during motor running. So, a design and 

optimization of high torque density and low torque ripple SRM topology is preferred 

for its application to EVs. 

  To improve the torque density, a great deal of research work has been done in this 

field. Segmented rotor topology has an improvement in torque output [70-71]. In [70], 

multi-teeth and single-tooth winding for a segmented rotor SRM offer 40% more 

torque than its conventional counterparts. Document [71] put forward a segmented 

rotor SRM combining the ideas of full-pitch winding and multiple phase together to 
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enhance torque density, which allows two phases to conduct simultaneously and 

utilizes bipolar excitation.  

  Similarly, segmented stator topologies can also be proposed to increase output 

torque [72-75]. In [72], a 6/10 E-core SRM is compared with a 6/3 SRM in [73]. The 

former can reduce the iron mass and losses greatly. Eskandari [74] takes advantage of 

the empty space of the 6/10 E-core SRM and form a 9/12 new topology. The torque 

density increases by 30% at the expense of more copper loss. Paper [75] introduces a 

24/22 stator segmented SRM producing 20% more torque output and solving the 

copper loss problem in [74]. The iron loss, however, goes up as a result of increasing 

the number of rotor poles. 

  Many other structures to increase the torque density have also been tried. A double-

layer-per-phase SRM with windings between the layers of the stators in each phase is 

proposed in [76]. It increases the rotor length to produce more torque. The concept of 

double-stator SRM is put forward in [77-78]. For this topology, more composite of 

electromagnetic force is in the tangential direction to produce more torque. Axial-type 

SRM is designed and optimized for high torque density occasion [79-81]. But the 

airgap of this topology cannot be very small in case of rotor movement distortion. 

  The converter system is asymmetric half-bridge unlike other AC and brushless DC 

motors, making each phase of the motor independent and of high fault tolerance, thus, 

improving the stability. According to the principle of asymmetric half-bridge, some 

derived converter topologies are proposed and applied to EVs. A winding-tapped 

topology of SRM is proposed allowing AC and DC charging with different voltage 
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levels through stator windings [82]. It utilizes the circuits of buck, boost and buck-

boost converter tactfully. Also, this kind of topology can achieve battery balancing and 

fault tolerant control [83-85]. Windings without taps on them can also achieve AC and 

DC charging via converter circuits [86]. 

To sum up, a torque density SRM has a vast potential for future development in 

EVs.  

The advantages and disadvantages of different types of motors as mentioned in 

section 1.2.1 and 1.2.2 can be acquired from Table 1-1. 

Table 1-1 Comparison of Different Types of Motors 

Motor type Brushed 

DC 

IM SRM Syn-RM PMSM FSM 

Life span Short Long (Squirrel type) 

Short (Wound type) 

Long Long Long Long 

Motor start Normal Low torque (Squirrel 

type) 

Normal (Wound type) 

Normal Normal Long Long 

Efficiency Low Low High High High High 

Structure Simple Simple (Squirrel type) 

Complex (Wound type) 

Simple Complex Complex Simple 

Torque 

density 

Low Low Low Low High High (lower 

than PMSM) 

Speed 

range 

Long Short Long Short Short Short 

Torque 

ripple 

High Low High Low Low Low 

Cost Low Low Low Low High High 
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1.3 Objectives and Structures 

1.3.1 Objectives 

Although the SRM has many advantages over other types of motors, its torque 

density is not as high as that of a brushless DC motor, while having a higher torque 

ripple. The previous research has done some useful contributions in this field, but the 

torque improvement has been minimum and the cost of manufacturing is very high, 

along with no improvements in efficiency. Therefore, the primary objective of the 

thesis is to design and optimize a high torque, low loss motor on the basis of switched 

reluctance with simple manufacture process for the application to EVs. Moreover, low 

torque ripple is also considered in the design and control process. 

1.3.2 Structures 

  The structure of the thesis is outlined as follows: 

  Chapter 1 introduces the background on the dynamic devices for the drive of 

vehicles and different motors applied to EV drive. In this chapter, the advantages of 

EVs are put forward. Then various types of motors for EV application are discussed 

and compared. In the end, the objectives and structure of the thesis are outlined. 

  An overview of special types of the switched reluctance motor is given in Chapter 

2. One type is the switched reluctance motor with more rotor poles than stator poles. 

The other is the switched reluctance motor with multiple teeth per stator pole. These 

two types are analyzed and discussed for torque improvement. 
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  In Chapter 3, a novel enhanced torque density in-wheel switched reluctance motor 

is proposed. The performing principle and design considerations are analyzed in detail. 

Moreover, the optimization and comparison with conventional SRMs for the novel 

topology is conducted. The performance is simulated and confirmed by finite element 

method (FEM). 

  Another high torque hybrid reluctance motor is introduced in Chapter 4. The 

working principle and structure analysis is carried out. Multi-variable optimization is 

made to obtain the highest specific torque for the motor. Finally, the performance of 

the topology is confirmed by FEM. 

  A prototype of the hybrid reluctance topology proposed in Chapter 4 is 

manufactured for experimental verification in Chapter 5. The motor has a smaller size 

and outer stator structure. Both of the static and dynamic performance are analyzed 

and compared with FEM results.  

  The final chapter summarized the major achievements and contributions of the 

whole thesis. Also, some useful suggestions for future research on motor control and 

optimization are concluded. 
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Chapter 2 

Overview of Special Switched 

Reluctance Motors 

A high torque density motor is able to reduce the weight of the whole car and save 

space for supercapacitors or batteries which will allow for longer usage time [87]. To 

improve the torque performance of SRMs, some structure changes are required.  

An SRM with a larger number of rotor poles than that of stator poles can provide 

more output torque [88]. This is mainly because of the fact that more number of turns 

of windings are available due to a larger slot area, which also allows for better cooling 

condition. A design procedure for 6/10 SRM with a new pole design formula is 

proposed in detail [89]. The concept is suitable for all SRMs regardless of the number 

of phases: a four phase 8/14 topology using a similar pole design formula is put forward 

and compared with a traditional 8/6 and 8/10 SRM [90]. 

Multiple teeth topology is also an effective way to improve torque density and 

some research has been conducted on the technology. Paper [91] implements finite 

element analysis (FEA) for the topology and asserts that torque improvement is due to 

the fast change of inductance which prevents phase current from rising. Iron loss of 

multiple teeth per stator pole topology by utilizing FEM is calculated [92]. Some 

design optimization is made for multi-tooth SRM [93]. 
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2.1 SRM With a Higher Number of Rotor Poles 

The SRM mentioned in this chapter is its in-wheel version whose structure is an 

inner stator and an outer rotor. Its outer rotor is integrated straightly with the rim for 

direct drive. Therefore, it saves space and eliminates transmission loss [94].  

Three phase SRMs with various numbers of rotor poles are proposed in this part 

for performance comparison. The number of the stator poles is chosen as six, and the 

number of the rotor poles is selected as four, eight and ten, respectively. The prototypes 

of the three motors are shown in Fig. 2-1 (a), (b) and (c).  

Rotor

Stator

Shaft

Winding

 

 

Fig. 2-1 Prototypes of (a) 6/4 (b) 6/8 (c) 6/10 SRM 

  Due to the fact that as the number of rotor poles increases, the conducting and 

commutation angles decrease, allowing thinner stator yoke for larger slot area. For high 
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speed application, however, there are switching frequency limitations of the device 

IGBT or SCR, which inhibits the motor from acquiring a higher speed and less 

switching loss. The commutation angle for the three topologies is 30 degrees, 15 

degrees and 12 degrees, respectively. The electromagnetic torque comes from the 

variation of co-energy in the airgap with the angle position of the rotor. The equation 

of torque calculation can be expressed as: 

Te=
∂Wm

∂θ
                                                                           (2-1) 

Wm= ∫ λ∙di                                                                           (2-2) 

where, Te is the electromagnetic torque of the motor, Wm is the co-energy in the airgap, 

θ is the angle position of the rotor, λ is the flux linkage and i is the phase current. Also, 

according to the equation 

λ=L(i,θ)∙i                                                                      (2-3) 

where, L is the inductance of each phase of the motor, if mutual inductance is neglected. 

Provided that the parameter L has no relationship with i, by combining the equations 

(2-1), (2-2) and (2-3), the electromagnetic torque can be expressed as  

Te=
1

2

∂L

∂θ
i2                                                                  (2-4) 

The three motors are of the same frame, including outer rotor diameter, stack length 

and airgap according to the design in [95] with the value of 382mm, 74mm and 0.5mm, 

respectively.  

  For performance analysis, as a result of the increasing number of rotor poles and 
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decreased commutation angle, the iron loss for the latter two topologies is higher than 

the conventional one. For thermal consideration, all the three motors are running at the 

same speed and losses (iron loss plus copper loss) for their full expected load and the 

maximum current density of the three motors is limited to 3A/mm2. The flux linkage 

of the three motors at aligned and unaligned position with the variation of the current 

is shown in Fig. 2-2 and the inductance characteristic at different positions of can be 

obtained from Fig. 2-3.  

 

Fig. 2-2 Flux linkage characteristic of 6/4, 6/8 & 6/10 SRM 

 

Fig. 2-3 Inductance profile for a full electric period 

 

  Although the difference between the flux linkage at aligned and unaligned position 
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for 6/8 and 6/10 SRM is smaller than that of their traditional 6/4 counterpart, the 

conducting and commutation angle is smaller as well, indicating more times of stroke 

during the same mechanical period. The number of stroke times for 6/8 and 6/10 SRM 

is twice and 2.5 times, respectively, as many as that of the conventional 6/4 SRM. 

Therefore, the torque characteristic is not weakened. The torque waveform for one 

phase and full phase conducting of the three topologies by using 2D-FEM is shown in 

Fig. 2-4 and Fig. 2-5, respectively. 

 

Fig. 2-4 Phase torque waveform of 6/4, 6/8 & 6/10 SRM 

 

Fig. 2-5 Full torque waveform of 6/4, 6/8 & 6/10 SRM 

 

  From the curves in Fig. 2-4 and Fig. 2-5, the torque performance improvement for 
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SRMs with more rotor poles than stator poles is obvious. But it is at the expense of 

using a larger amount of copper as shown in Table 2-1, including the cost and torque 

performance. 

Table 2-1 Winding Parameter of the Three Motors 

dimensions 6/4 SRM 6/8 SRM 6/10 SRM 

Turn number each phase 182 184 248 

Wire type 17AWG six 

parallel 

17AWG eight 

parallel 

17AWG eight 

parallel 

Copper weight (kg) 11.4 13.2 17.4 

Copper price (USD/kg) [96] 6.83 6.83 6.83 

Silicon Steel used for manufacturing (kg) 62.8 62.8 62.8 

Silicon Steel price (USD/kg) 0.5 0.5 0.5 

Coil end length (mm) 16.0 17.5 19.7 

Average Torque (Nm) 64.7 105.5 123.6 

Torque ripple (%) 92.7 63.5 66.3 

AWG: American Wire Gauge Copper price from Oct. 6 2017 

Table 2-1 indicates that about 20% and 50% more copper windings are required 

for 6/8 and 6/10 SRM for higher torque output, which cost 11.3% and 37.5% more, 

respectively, and increases the volume of the motor because of longer coil end length. 

2.2 SRM with Multiple Teeth per Stator Pole 

  The structure for analysis is also an inner stator and outer rotor topology. The 

proposed prototype is 6/10 three phase SRM with two teeth per stator pole as shown 

in Fig. 2-6 (a) and a 6/4 SRM in Fig. 2-6 (b) with the same dimensions (rotor outer 

diameter 382mm, airgap length 0.5mm, stack length 74mm). 
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Fig. 2-6 Profile of (a) 6/10 two-teeth SRM (b) 6/4 SRM 

  The two teeth topology leads to the increased number of rotor poles and the 

commutation angle declined to 12 degrees compared with conventional 6/4 SRM 

whose commutation angle is 30 degrees, but it is still accessible for normal operations 

of the motor. The flux linkage characteristic and self-inductance feature of the two 

topologies are shown in Fig. 2-7 and Fig. 2-8, respectively.   

 

Fig. 2-7 Flux characteristic of 6/4 SRM & 6/10 two teeth SRM 
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Fig. 2-8 Inductance characteristic of 6/4 SRM & 6/10 two teeth SRM 

The above two figures demonstrate that the variation of flux linkage from unaligned 

to aligned position with different current values is more significant for 6/4 SRM than 

6/10 two teeth SRM. Moreover, this leads to the slower speed of inductance variation 

from the unaligned to aligned electric position for 6/10 two teeth SRM. However, its 

stroke times per round is 2.5 times as many as that of 6/4 SRM, along with two teeth 

together to distribute magnetic flux. Therefore, the torque performance is not 

weakened.  

The torque performance of the two motors under one phase and full phase 

conducting is analyzed in Fig. 2-9 and Fig. 2-10, respectively. For air cooling condition, 

the current density of both motors is set as 5A/mm2. The torque performance 

comparison of the two topologies can be found in Table 2-2. 
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Fig. 2-9. Torque waveform of half an electric period single phase conducting for the 

two motors 

 

Fig. 2-10 Torque waveform of full phase conducting for the two motors 

Table 2-2 Torque Performance Comparison of the Two Topologies 

Parameter 6/4 SRM 6/10 two teeth SRM 

Current density (A/mm2) 5 5 

Torque (Nm) 94.3 113.6 

Torque ripple (%) 84.3 84.6 
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   Fig. 2-9 shows that at the beginning from the unaligned position, 6/10 two teeth 

SRM has a faster respond to increase output torque and the peak value is higher than 

that of a conventional 6/4 SRM. But when the overlapping angle of stator teeth and 

rotor poles continues increasing, the magnetic saturation becomes quite significant due 

to the magnetic flux passing through two teeth and two rotor poles simultaneously as 

shown in Fig. 2-11 (a). This results in high magnetic reluctance in the stator pole, thus 

declining the output torque.  

Fig. 2-11 (b) illustrates the flux density of 6/10 two teeth topology. The wide range 

of flat inductance characteristic also indicates the high saturation effect of 6/10 two 

teeth structure. Full phase conducting means that an ideal square current waveform is 

injected into each phase for half an electric period conducting from the unaligned 

position to aligned position. Table 2-2 demonstrates that there is torque improvement 

for two teeth SRM; the torque ripple, however, is not reduced. 

  

Fig. 2-11 Magnetic features of 6/10 two-teeth SRM (a) flux distribution (b) flux density 
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2.3 Summary 

  In this chapter, two kinds of special SRMs are proposed to enhance the torque 

characteristics of the motor. SRMs with a higher number of rotor poles than stator poles 

have more space for windings by reducing the commutation angle and increasing the 

commutation frequency. The torque performance is improved by increasing the 

number of turns per phase or cross sectional area of the conductor at the same current 

density. On the other hand, SRMs with two teeth per stator pole allows magnetic flux 

to pass through two teeth and two rotor poles at the same time to enhance the output 

torque. This topology can improve the average torque with high torque ripple because 

of high magnetic saturation. 
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Chapter 3 

Design of a Novel Enhanced Torque In-

Wheel Switched Reluctance Motor 

   Improving the torque density of the motor for the application of EVs is a popular 

topic now. The methods can be divided into two categories: 1) inserting the PM 

material into the motor and 2) changing the structure of the motor. This chapter focuses 

on the latter one. The proposed topology incorporates the ideas of multi-teeth per stator 

pole and more rotor poles than stator teeth together. The torque output can be improved 

at the same energy loss compared with other types of SRM and the specific torque is 

also enhanced. 
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3.1 Introduction 

  For the purpose of enhancing the torque performance of the SRM, numerous 

researchers have carried out large quantities of experiments in this field. Segmented 

stator or rotor structure is an effective way to improve the torque density for SRMs as 

mentioned before [70-75]. 

  The ideas of more rotor poles than stator poles and segmented rotor topology are 

combined together for torque improvement [97-99]. J. Widmer [97] proposes a 12-16 

rotor segmented SRM with full pitch winding which can produce 65% more torque per 

unit copper loss than its conventional counterparts. Papers [98-99] provide the design 

procedure of a 12/26 rotor segmented SRM with concentrate windings on alternate 

stator poles to improve torque performance. 

Other scholars are thinking about improving the torque density by designing a 

complicated structure as illustrated in Chapter 1 [76-81].  

However, the above design methods are at the expenses of increasing the 

difficulty of manufacturing and reducing the simple and robust structure of the SRM, 

in order to achieve torque improvement. In addition, the cost of production also rises.  

In this chapter, a novel topology is proposed to enhance the torque output by 

utilizing multi-teeth per stator pole and more rotor poles than stator teeth together. The 

structure is an in-wheel version for the purpose of its application to the EVs.  

Although the multi-teeth structure can increase the torque output, high magnetic 

saturation appears in the stator pole due to the doubled overlapping arc angles between 

the stator teeth and rotor poles. This not only weakens the average torque, but also 
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causes large torque ripple. Moreover, the thick stator pole occupies the space for 

windings and increases the difficulty for control. The topology with a higher number 

of rotor poles improves the torque density at the expense of utilizing larger amount of 

copper which is costly and increases the overall weight. Therefore, a new topology is 

put forward considering combining these two together. The manufacture process of the 

proposed topology is not difficult and the windings are suitable for automatic coil 

winding. Therefore, it has a great potential for quantity production. 

3.2 Design & Analysis of the Novel Topology 

  This part is divided into two categories: magnetic principle and design 

considerations. 

3.2.1 Magnetic Principle of the Topology 

  The input electrical energy We can be calculated in the following equation (3-1), 

e

d
W ei dt i dt id

dt


                                  (3-1) 

where, e is the input voltage, i is the phase current, λ is the flux linkage each phase. It 

has two components: energy stored in the windings and the energy that is converted to 

mechanical energy as shown in the following equation (3-2), 

e f mW W W                                       (3-2) 

where, Wf is the energy storage in the windings and Wm is the mechanical energy 

converted. When the rotor rotates from position x1 to x2, the above two parameters can 
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be shown in Fig. 3-1 for better illustration.  

λ

0 I

Wf

Wm

x1

x2

 

Fig. 3-1 Flux linkage feature VS current for the SRM 

The equations for Wf and Wm are shown as follows: 

( ) ( )f 2 1
0 0

W i x d i x d
 

                               (3-3) 

[ ( ) ( )]
i

m 2 1
0

W x x di                               (3-4) 

As a result, the transient torque of the SRM can be expressed as, 

m
e

W
T







                                  (3-5) 

where, Wm is the mechanical energy which is converted to from electrical energy, called 

co-energy of the field and θ is the position of the rotor. For traditional SRMs, there is 

only one tooth per stator pole to allow magnetic flux to pass through while the proposed 

motor has multi-teeth per stator pole to distribute the flux. Multiple groups of teeth 

together make the flux variation larger for the same rotary angle and the variation 

period shorter. A flux distribution comparison between one tooth and multiple teeth 



 

30 
 

topology (two teeth for example) is shown in Fig. 3-2 (a) and (b), respectively. 

Flux lines

ConventionalProposed  

                              (a)                    (b) 

Fig. 3-2 Flux distribution of the (a) multi-teeth topology (b) conventional topology 

  The unaligned position of the rotor θunalign is set as zero position, therefore the 

transient rotor position can be expressed as, 

= arc s r

r

l

r N 2 2

 
                              (3-6) 

where, θs and θr is the arc angle of stator tooth and rotor pole, respectively; Nr is the 

number of rotor poles, larc is the overlapping length between one stator tooth and a 

rotor pole and r is the outer radius of the stator. The co-energy Wm can be calculated 

as, 

[ ( ) ( )]
I

m
0

W di                            (3-7) 

=N                                    (3-8) 

where N is the number of turns per phase, Φ is the magnetic flux of each phase. So, 

equation (3-7) can be expressed to 

[ ( ) ( )]
I

m
0

W N di         .                 (3-9) 
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=
s r g

NI

R R 2R


 
                        (3-10) 

where I is the phase current; Rg, Rs, Rr is the magnetic reluctance of airgap, stator and 

rotor, respectively. Because of Rg＞＞Rs+Rr,  

g

NI

2R
                               (3-11) 

Due to  

( )
[ ( )]

g

g

0 arc

l
R

m l l
 

  
 

 
                  (3-12) 

( )
[ ( )]

g

g

0 arc

l
R

m l l


 



                          (3-13) 

The co-energy is computed as  

[ ( ) ( )]2
I

0 arc arc
m

0
g

N I m l l l
W di

2l

      
                (3-14) 

By inserting (3-6) and (3-14) into equation (3-5) where the only variable is larc, the 

electromagnetic torque result is 

2

0
e

g

N I mlr
T di

2l


                              (3-15) 

where, m is the number of teeth per stator pole, lg and l is the length of airgap and the 

steel stack, respectively. From equation (3-15), with m increasing, the value of output 

torque rises. However, this may not be true because larger number of teeth per stator 

pole can cause smaller area for windings, thus decreasing the value of N. Moreover, 

the number of rotor poles grows with the increasing number of stator teeth, which leads 

to a smaller commutation angle, more leakage flux and higher core loss. In addition, 

the slot area for windings is reduced because of the growing number of stator teeth.  
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  The flux distributions of three teeth and four teeth per stator pole are shown in Fig. 

3-3 (a) and (b), respectively. And the equivalent magnetic circuit model of the topology 

can be found in Fig. 3-4, where F represents the magnetic motive force (MMF) 

produced by the excitation current; Rsp, Rst, Rsy is the magnetic reluctance of the stator 

pole, tooth and yoke, respectively; Rrp, Rry is that of rotor pole and yoke, respectively; 

Rg is the airgap magnetic reluctance between a single stator tooth and its corresponding 

rotor pole and m is the number of teeth per stator pole. 

Flux lines
Flux lines

 

                 (a)                           (b) 

Fig. 3-3 Flux distribution of (a) three teeth topology (b) four teeth topology 
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Fig. 3-4 Equivalent magnetic circuit model of the multi-teeth topology 

 

  To ensure the optimized teeth number per stator pole, three phase six stator pole 

motors with various number of teeth are chosen for comparison. Some parameters are 

the same as those mentioned in [95], with the rotor outer diameter 382 mm, airgap 

length 0.5 mm and stack length 74 mm. Also, the wire type and parallel number are 

identical. Furthermore, 20 Ampere excitation current is injected into the windings. 

Through 2D-FEM, the average torque output and core loss for different number of 

teeth can be obtained from Fig. 3-5 (a) and (b), respectively.  
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(a) 

 

(b) 

Fig. 3-5 SRMs with different teeth per stator pole (a) torque output (b) core loss 

  The above two figures demonstrate that the two teeth topology has the maximum 

energy conversion capacity. Besides, three teeth topology has at least 20 rotor poles 

and that of four teeth at least 26, which can result in quite small commutation angle, 

limited slot area for windings, high core loss and low efficiency. 

3.2.2 Design Considerations for the topology 

A. Selection of Number of Phase 

  Although large number of phases are effective in reducing torque ripple and noises, 
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the winding area is declining as well. Therefore, it cannot improve average torque. 

Moreover, for the principle of the proposed topology, increasing the number of phases 

will lead to higher number of rotor poles which is not suitable for high speed 

application. With regard to the above problems, the number of phases is selected as 

three. 

B. Selection of Number of Rotor Poles 

  According to the working principle of the SRM (three phase with six stator pole), 

some requirements of stator and rotor arc angles and the number of the rotor poles 

should be taken into consideration. In Fig. 3-6, the magnetic flux distribution agrees 

quite well with the theoretical analysis, in which the magnetic flux passes through two 

teeth and goes into two individual rotor poles. Moreover, each of the stator and rotor 

teeth is parallel. 
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Fig. 3-6 Flux distribution & prototype of the proposed topology 

  The angle and rotor pole design requirements can be expressed as follows: 
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                        (3-16) 

where, θslot is the arc angle of the stator inner slot and k is an integer (k≥2). The first 

equation of (3-16) can be understood from the arc angle between two black dash lines 

in the proposed prototype in Fig. 3-6; the second formula, in which 60° stands for the 

stator pole pitch arc angle and 120°/Nr represents the commutation angle, can be 

illustrated on the basis of the operating principle of the SRM due to the fact that the 

current conducting and commutation mode are the same as conventional three phase 

SRMs. After simplification, the result can be obtained as 

slot s

r

360

6k 2

N 6k 2

 


 


  

                           (3-17) 

To keep the number of rotor poles more than that of stator teeth, the value of k should 

be more than 2. Also, to maintain a suitable commutation angle, k is set as 3. Hence, 

θslot+θs=22.5°, Nr=16 and the commutation angle is 7.5 degree. Therefore, the basic 

parameters of the motor are defined. 

C. Selection of the Airgap Length & Shaft Diameter 

  The length of airgap is quite important for the torque performance of the motor. It 

should be designed as small as possible to enhance the motor characteristics. But too 

small length of airgap not only increases the difficulty for manufacture, but requires 

much higher mechanical strength as well. At the time the rotor rotates, it is driven by 

both tangential and radial forces. The tangential force is utilized to produce torque, but 

radial force introduces audible noise and vibration. If the airgap is too small, the 
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vibration of the rotor and tiny deform of the shaft may lead to a contact between the 

stator and rotor, thus resulting in a motor fault.  

On the basis of the size of the in-wheel motor, the airgap length is selected as 0.5 

mm and shaft diameter 100 mm, the same as those in [95]. 

3.3 Optimization of the Topology 

  The optimization of the two teeth topology is conducted on the basis of genetic 

algorithm (GA) and equivalent magnetic circuit (EMC) model. The EMC model is 

utilized to calculate the self-inductance of the topology on the basis of the method 

mentioned in [100]. An analogical approach of obtaining various magnetic flux lines 

can be carried out to analyze the proposed topology. 

3.3.1 Electromagnetic Torque Generation 

  The general voltage equation for the motor is expressed as 

d
V IR

dt


                              (3-18) 

where, R is the resistance of the winding and V is the DC bus voltage. Neglecting the 

mutual inductance, the equation is expanded to be: 

( )d LI
V IR

dt

dI dL
   =IR+L I

dt dt

 



                        (3-19) 

where L is the self-inductance of each phase of the motor. Ignoring the relationship 

between the self-inductance and current since the hysteresis control keeps the current 

with little fluctuation, almost as a constant, the equation can be written as  
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di dL
V IR L I

dt d



                         (3-20) 

Therefore, with either side multiplied by current I, it follows that  

2 2di dL
P I R LI I

dt d



                       (3-21) 

( )

( )

2

2

2

2

1
d LI

di 1 dL2LI I
dt dt 2 dt

1
d LI

1 dL2          = I
dt 2 d


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

                  (3-22) 

So, by inserting (3-22) into (3-21), the power equation is converted to 

( )2

2 2

1
d LI

1 dL2P I R I
dt 2 d




                    (3-23) 

The first part on the right of the equal sign is the copper loss; the second part is the 

energy storage per time unit and the third part is the mechanical output power. Due to 

the equation below, 

e eP T                             (3-24) 

The torque equation is 

2

e

1 dL
T I

2 d
                         (3-25) 

From equation (25), the electromagnetic torque depends mainly on the difference 

between the maximum and minimum self-inductance and excitation current injected 

into the windings. 

3.3.2 Calculation of the Self-inductance 

The calculation of inductance is based on 

N
L

I I

 
                         (3-26) 
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The simplified EMC model is shown in the following Fig. 3-7. 

Fi Rs

RgRr

Φ

 

Fig. 3-7 Simplified EMC model of the topology 

According the equation (3-27) and (3-28) below, 

g s r

F
=

R R R


 
                     (3-27) 

F NI                          (3-28) 

The value of inductance can be obtained. 

  The procedure of acquiring the value of inductance is as follows: initially, an 

estimated value of the flux density Bsp is given, then, the magnetic flux Φ is obtained. 

Later on, the magnetic flux density in the stator yoke Bsy, airgap Bg, rotor pole Brp and 

rotor yoke Bry can be calculated. It follows that the value of the magnetic field intensity 

H is known according to B-H curve of the steel material, which is DR-510 for the 

proposed motor. Moreover, the MMF can be calculated by the summation of H·l and 

N·I, respectively. Eventually, if the error of the above two calculation results is less 

than the limit, the calculation ends; otherwise, the flux density Bsp will change a little 

(either plus or minus), and a new circulation begins. The flowchart of the calculation 

method is shown in Fig. 3-8.  
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Fig. 3-8 Flowchart of the inductance calculation process 

  Some common equations required for self-inductance calculation should be 

introduced first. 
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where, lg, lsp, lsy, lrp and lry is the average length of airgap, stator pole, stator yoke, rotor 
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pole and rotor yoke, respectively; Ag, Asp, Asy, Arp and Ary is the average cross area of 

airgap, stator pole, stator yoke, rotor pole and rotor yoke, respectively. Then the 

inductance calculation of unaligned and aligned position is analyzed in the following 

part.  

3.3.2.1 Unaligned Position 

  The minimum self-inductance can be obtained from the fully unaligned position. 

The flux paths distribution is shown in Fig. 3-9 (a) and (b). The schematic is an axis 

symmetric figure, therefore, the flux paths are bilaterally symmetric. hs and hr is set as 

the height of the stator inner slot and the rotor, respectively. The width of the rotor and 

stator pole is marked as lr and lp, respectively. Therefore, the starting and end point 

positions of different flux paths through the airgap are shown as follows: r1=(3/8)lr, 

r2=(1/4)lr, r3=(5/64)lr, r4=(1/4)hs1, r5=(5/8)hs1, r6=(5/6)hr, r7=(5/32)hr, r8=(3/8)hs1, 

r9=(3/32)lr, r10=(5/8)lp, r11=(7/8)lp, r12=(5/8)hs, r13=(1/4)hs. 

Flux path 1

Flux path 2

Flux path 3
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Flux path 6

Flux path 7

r13
r12

Φ6

Φ7

 

(b) 

Fig. 3-9 Flux paths distribution at unaligned position between (a) the stator and rotor 

(b) adjacent stator poles 

A. Flux path 1 

The EMC model of this path is shown in Fig. 3-10. 

F Rsp Rg Rrp

Rry

Rry

Rrp Rg Rsp

Rsy

Rsy

Fig. 3-10 EMC model of flux path 1 
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  In the formula above, hs1 is the height of stator inner slot; lslot is the width of the 

bottom of the slot; Dr1, Dr2 and Ds1 is the inner diameter of the rotor, outer diameter of 

the rotor and inner diameter of the stator, respectively; bs and br is the thickness of 

stator and rotor yoke, respectively. Some parameters are marked in Fig. 3-6.  

B. Flux path 2 

The effective lengths of lsy, lry, lrp and the cross areas of Asy and Ary are the same 

as those in flux path 1. The length of airgap is regarded as a π/3 arc angle with the 

corresponding chord connecting the starting point with the ending point in the airgap. 

The calculation method of average cross area in the airgap is the same as that in flux 

path 1. The EMC model is shown in Fig. 3-11. 
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Fig. 3-11 EMC model of flux path 2 
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C. Flux path 3 

  The lengths of lsy, lry, lrp and the cross areas of Asy and Ary are the same as those in 

flux path 1. The airgap length is also considered as π/3 arc. The EMC model is identical 

to Fig. 3-11. 
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D. Flux path 4 



 

45 
 

  The lengths of lsy, lry, lrp and the cross areas of Asp, Asy and Ary are the same as those 

in flux path 3. The airgap length is also considered as π/3 arc. The EMC model is 

identical to Fig. 3-11. 
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E. Flux path 5 

The lengths of lsy, lry and the cross areas of Asy and Ary are the same as those in flux 

path 3. The airgap length is considered as arc with unequal radius for approximate 

calculation. The EMC model is identical to Fig. 3-11. 
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where Ds2 is the stator outer diameter in the equation. 

F. Flux path 6 

The airgap length is considered as arc with unequal radius for approximate 

calculation. The EMC model is identical to Fig. 3-12. 
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Fig. 3-12 EMC model of flux path 6 
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G. Flux path 7 

The EMC model of this flux path is shown below in Fig. 3-13. 
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Fig. 3-13 EMC model of flux path 7 
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H. Flux path 8 

The cross areas of Asy and Ary are the same as those in flux path 3. The length of 

lsp is identical to that in flux path 5. The EMC model can be obtained from Fig. 3-14.  
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Fig. 3-14 EMC model of flux path 8 
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I. Flux path 9 

The length of lsp and lsy is the same as that in flux path 5 and flux path 8, 

respectively while the cross section areas of Asy and Ary are identical to those in flux 

path 3. The airgap length is considered as π/3 arc as well. Also, the EMC model is 

identical to Fig. 3-11. 
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J. Flux path 10 

  The cross section areas of Asy and Ary are identical to those in flux path 3 while the 

length of lsp is the same as that in flux path 8. Besides, the values of lsy and lry are equal 

to those in flux path 9. The airgap length is considered as π/3 arc and the EMC model 

is identical to Fig. 3-11. 
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K. Flux path 11 

  lsp is the same as that in flux path 5 and lrp, Asy, Ary are equal to those in flux path 3. 

Moreover, the values of lsy and lry are identical to those in flux 9. The airgap length is 

considered as π/3 arc and the EMC model is identical to Fig. 3-11. 
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L. Flux path 12 

  The lengths of lrp, lry, lsy and cross sectional areas of Asp, Ary, Asy are identical to those 

in flux path 11. The airgap length is considered as arc with unequal radius for 

approximate calculation. The EMC model is identical to Fig. 3-11. 
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M. Flux path 13 

  The lengths of lrp, lsp and cross sectional areas of Asp, Arp, Asy, Ary are identical to 

those in flux path 9. Furthermore, the values of lsy and lry are the same as those in flux 

path 5. The airgap length is considered as π/3 arc and the EMC model is identical to 

Fig. 3-11. 
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  Therefore, the total self-inductance at the unaligned position Lu can be expressed as 
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3.3.2.2 Aligned Position 

  The maximum self-inductance can be obtained from the fully aligned position. The 

flux paths distribution is shown in Fig. 3-15 (a) and (b). Due to the exactly aligned 

position of stator teeth and rotor poles, just two flux paths can stand for the self-

inductance calculation.  

Flux path 1

Φ1

 

(a) 

Flux path 2

Φ2

 

(b) 

Fig. 3-15 Flux paths distribution at aligned position between (a) the stator and rotor 

(b) adjacent stator poles 
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A. Flux path 1 

  The EMC model is just the same as that in flux path 3 of the unaligned position. 

Besides, the values of Asy and Ary are also equal to those in flux 3. 
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B. Flux path 2 

This flux path is almost the same as that in flux path 7 at the unaligned position. 

So, the calculation result of La2 is equal to the value of Lu7. 

Therefore, the total self-inductance at the aligned position La can be expressed as 

a a1 a2L L L                                 (3-121) 

3.3.3 Genetic Algorithm Application for Optimization 

  From the above analysis, the value of self-inductance can be calculated and the error 
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compared with 2D-FEM result is within 3%. For the optimization of the topology and 

its application to EVs, the most important factors are lighter weight and higher 

efficiency with the same torque performance. Therefore, the target for optimization is 

to maximize the summation of torque per unit of weight and copper loss, both of which 

are multiplied by weight coefficients, to set up a suitable fitness function. Then, GA 

process is utilized to calculate the maximum of the function. 

  The weight coefficients of specific torque and torque per unit copper loss are set as 

ω1 and ω2, respectively. So the fitness function can be expressed as, 

( )
avg avg

1 2

T T
F 1000

weight loss
                        (3-122) 

where Tavg is the average torque produced by one phase during half an electric period , 

weight is composed of that of steel and copper, loss is the copper loss during the above 

conducting period and 1000 is the multiplier for larger fitness value. 

  The value of Tavg can be calculated as follows: 

2a u
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L L1
T I

2 


                          (3-123) 

where, La and Lu is the self-inductance at aligned and unaligned position, respectively; 

θhalf is the arc angle of half an mechanical position period; I is the ideal square 

waveform current injected into the windings. Mutual inductance is neglected as the 

value is relatively much smaller when compared with self-inductance. The value of 

self-inductance is a sum of individual inductances obtained from different flux lines in 

the EMC model as calculated before. Some parameters of the motor are kept as 

constants, including the outer diameter of rotor 382 mm, air gap length 0.5 mm, shaft 
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diameter 100 mm and stack length 74 mm according to the motor size in [95]. On the 

other hand, the rotor inner diameter Dr1, rotor pole height hr, stator inner diameter Ds1, 

stator teeth arc angle θs, slot depth in the stator pole hs1 and rotor pole arc angle θr are 

set as the variable to be optimized. 

  Moreover, some constraints need to be considered. Some design limitations of the 

SRM structure are needed based on [100] shown in the following equations.  

p

s p

l
b l

2
                               (3-124) 

p

r p

l
b l

2
                               (3-125) 

where bs, br is the thickness of stator and rotor yoke, respectively and lp is the width of 

stator pole. Also, the slot area should be large enough for suitable number of winding 

turns.  

2

slotA 1400mm                           (3-126) 

Moreover, to avoid high saturation in the stator pole causing large torque ripple, a 

minimum restriction of the width of stator pole is required. 

pl 50mm                             (3-127) 

In addition, for in-wheel motors, because of natural cooling condition, the current 

density is limited to 3-5A/mm2 and the slot packing factor is set at about 0.44. For this 

motor, considering long time stable operation, the current density is limited to no more 

than 3 A/mm2. The weight coefficients ω1 and ω2 are both evaluated as 0.5.  

  For GA parameters, the considerations are as follows: 

1) The population number is set as 20. 
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2) The maximum generation is limited to 20. 

3) The crossover probability is 0.8. 

4) The mutation is 0.04. 

To improve the GA performance, rank fitness scaling is utilized to remove the effect 

of initial value boundary. For selection, stochastic uniform is preferred. Elite count can 

directly go into the next generation to accelerate the optimization and the number is 

set as 2, ten percent of the total population number. The variation of mean and best 

fitness function during optimization process can be obtained from Fig. 3-16. 

Furthermore, the optimization procedure is shown in the flowchart in Fig. 3-17. With 

the constant value of some parameters considered, the final optimized parameters are 

listed in Table 3-1. 

 

Fig. 3-16 Fitness value variation during optimization 

0 2 4 6 8 10 12 14 16 18 20
750

800

850

900

950

1000

1050

Generation

F
it

n
es

s

 

 

Mean fitness

Best fitness



 

56 
 

Define fixed parameters 

and set initial values

Calculate slot area to decide 

the turn number per phase

Create and solve mathematic 

model to obtain the specific 

torque

Selecting, crossover, mutating

 Maximum           

generation or difference 

smaller than tolerance

Yes

Next generation

No

Start

End
 

Fig. 3-17 Flowchart of the optimization procedure 

Table 3-1 

Optimized Variable Parameters 

Parameter Value Parameter Value 

Dr1 (mm) 299 hs1 (mm) 19 

hr (mm) 10 θs (degree) 8 

Ds1 (mm) 163 θr (degree) 9.5 

3.4 Performance Analysis and Comparison 

  The characteristics of the optimized motor, including flux density, torque and core 

loss, are analyzed by 2D-FEM. For the rated operation condition of motors, flux 

densities of different positions when phase A is conducting are shown in Fig. 3-18. 
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Fig. 3-18 Flux density in the airgap of different positions for the proposed topology 

 

  To show the superiority of the proposed motor in high performance, a 6/8 and a 6/10 

SRMs in Fig. 3-19 (a) and (b) are chosen for comparison. They are of the same outline 

size with the proposed topology. The geometric parameters of the counterparts are also 

optimized by GA method for persuasive comparison. The objective function considers 

torque output, weight and energy loss as well. The basic parameters of the three 

optimized motors can be found in Table 3-2. 

Dr2

 

Fig. 3-19 Half cross section of (a) 6/8 SRM (b) 6/10 SRM 
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Table 3-2 

Basic Parameters of the SRMs 

Dimensions 6/8 

SRM 

6/10 

SRM 

Proposed 

SRM 

Rotor outer diameter Dr2 (mm) 382 382 382 

Stack length l (mm) 74 74 74 

Airgap length lg (mm) 0.5 0.5 0.5 

Stator pole/teeth arc angle θs (degree) 22 18 8 

Rotor pole arc angle θr (degree) 21 16 9.5 

Number of turns per phase N 184 248 204 

Coil end length (mm) 17.5 19.7 14.9 

Copper wire diameter (mm) 1.12 1.12 1.12 

Number of parallel windings 8 8 8 

Slot fill factor 0.44 0.44 0.44 

 

All the three motors are running at the same suitable total energy loss according 

to the temperature rise effect with the rated speed of 1000 rpm which corresponds to 

the speed of the vehicle. The dimension of them are the same on the basis of [90], with 

rotor outer diameter 382 mm, stack length 74 mm, airgap length 0.5 mm. Because of a 

higher frequency of commutation, core loss of the proposed topology is higher than 

that of its counterparts under similar saturation condition. The saturation situation of 

the three motors can be obtained from Fig. 3-20 (a), (b) and (c). Therefore, the copper 

loss is at a lower value for the proposed topology, resulting in lower current density. 
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But for 6/10 SRM, the number of turns per phase is the largest. Considering the same 

loss, its current density is limited to a lower value than 6/8 SRM, only slightly higher 

than the proposed motor. With the same diameter of copper wire, the RMS current of 

6/10 SRM is only slightly larger than the proposed one. The value of loss is on the 

basis of the motor of the same size in [95]. The torque performance comparisons of 

one phase conducting in half an electric period from the unaligned position to aligned 

one with ideal square wave current and full phase conducting with each phase 

conducting for half an electric period are shown in Fig. 3-21 and Fig. 3-22, respectively 

with the rated speed for EVs at 1000 rpm based on 2D-FEM computation. The detailed 

data of motor performance can be obtained from Table 3-3. 

 

Fig. 3-20 Magnetic saturation situation of (a) 6/8 SRM (b) 6/10 SRM (c) 

proposed 6/16 SRM 

Fig. 3-21, Fig. 3-22 and Table 3-3 indicate that for the same total loss, the novel 

topology can provide higher output torque and less torque ripple. Also, the specific 

torque is much higher than the conventional ones, about 48% more than that of 6/8 and 

28% more than that of 6/10 SRM. This result shows that the proposed topology has its 

potential in the application to EVs for higher propulsion force, higher efficiency and 

lighter weight. Although the 6/10 SRM provides 77% torque output of the proposed 

topology, it is at the expense of increasing 14% of copper wires, which means higher 
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cost and heavier weight. 

Table 3-3 

Torque Characteristics Comparison of Three SRMs 

Dimensions 6/8 SRM 6/10 SRM Proposed SRM 

Current density (A/mm2) 3.00 2.60 2.54 

RMS current(A) 23.6 20.4 20.0 

Winding weight (kg) 13.2 17.4 15.2 

Core weight (kg) 42.6 39.1 41.8 

Total weight (kg) 55.8 56.5 57.0 

Core loss (W) (FEM) 45 47 90 

Winding loss (W)  274 272 229 

Mechanical loss (W) 62 62 62 

Stray loss (W) 27 27 27 

Total loss (W) 408 408 408 

Power (kW) 11.0 12.9 16.7 

Torque (Nm) 105 123 159 

Torque ripple (%) 63 67 36 

Specific Torque ratio (Nm/kg)  1.88 2.18 2.79 

Torque/copper loss (Nm/W) 0.38 0.45 0.70 

Efficiency (%) 96.4% 96.9% 97.6% 
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Fig. 3-21 Phase torque waveforms of three motors 

 

Fig. 3-22 Full phase torque waveforms of three motors 

  

3.5 Summary 

  A novel in-wheel SRM topology is presented in this paper for direct drive, high 

propulsion and light weight application in EVs. The proposed motor combines the 

advantage of multi-tooth per stator pole and more rotor poles than stator teeth to 

achieve the purpose of enhancing the specific torque. The structure of two teeth can 

improve the output torque. Increasing the number of rotor poles results in larger slot 

area for winding and allows larger excitation current. The principle of multiple teeth 
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per stator pole is proved by equivalent magnetic circuit and a new design formula is 

put forward to select the number of rotor poles. 

  Then, the GA method is carried out to make optimization for the geometric 

parameter. Moreover, the characteristics of the motor are calculated and analyzed by 

utilizing 2D-FEM. The performance is compared with that of 6/8 and 6/10 three phase 

SRMs to prove its higher specific torque, efficiency and lower torque ripple. In 

addition, the shape of the stator is convenient for automatic winding and the topology 

will have prospects for mass production. In summary, the proposed motor shows strong 

competitiveness for its application to future EVs. 
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Chapter 4 

Design of a Novel Hybrid Reluctance 

Motor 

  SRM has a simple and robust structure, independent phase conducting for better 

fault tolerance and possess a wide speed range. However, without the utilization of 

PMs, the torque density is relatively lower compared with PM motors. Therefore, 

introducing PM material into the SRM becomes a viable idea. PM, however, is rare 

earth material which is expensive. In this chapter, design of a motor with a small 

amount of PM material inserted into the SRM is presented. This enables to regulate 

the magnetic flux produced from current excitation and the torque improvement is 

quite significant.  
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4.1 Introduction 

The SRM has recently received a great deal of attention due to its characteristics 

of simple, rugged configuration (a doubly salient structure and no windings on the 

rotor) and elimination of PM usage. Its torque production comes from the magnetic 

saliency between the stator and rotor poles. Its in-wheel version, whose outer rotor is 

integrated straight within the rim, further leads the new method of direct drive and thus 

reduces space and transmission loss.  

Although PM motors have been dominating the market especially amongst in-

wheel solutions due to its high torque density [101-102], unavoidable cogging torque 

exists and the cost is quite high due to the usage of PM poles. The idea of adding PMs 

into SRMs with little cogging torque is presented in [103-104] by inserting the PM 

material between stator poles and into the stator yoke, respectively. And a torque 

distribution method in [105] is proposed to separate the torque produced by PMs and 

excitation current individually. Due to the working condition of magnetic saturation 

for most SRMs [106], however, the flux increase in the airgap is quite limited. Hence, 

it is difficult to improve torque density significantly in [103-104].  

The multi-tooth SRM topology has been proposed in the former discussion. 

Nevertheless, the extremely high saturation in the stator pole increases the magnetic 

reluctance, inhibiting higher torque output and causing higher torque ripple. Moreover, 

the slot area is quite small for sufficient windings. 

This chapter presents an in-wheel hybrid reluctance motor combining PMs 

between two adjacent stator poles and multiple teeth per stator pole. PMs not only act 
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as a role to increase the magnetic flux, but also help to lower the saturation level in the 

stator pole, thus decreasing the core reluctance which is quite necessary for multiple 

teeth topology. Therefore, the topology of the multiple teeth per pole can provide 

enough torque output effectively with lower torque ripple. 

4.2 Characteristics Analysis of the Novel Topology 

4.2.1 Structure Analysis 

A. Selection of Number of Phases & Rotor Poles 

Because of inserting PMs between adjacent stator poles and stable working situation, 

the phase number has to be odd. Also, with the number of teeth per stator pole 

considered as discussed in Chapter 3, two teeth topology is the most suitable. Therefore, 

a three phase motor is selected in case of large number of rotor poles, and the number 

of rotor poles is ten.  

B. Structure of the Motor 

The proposed topology is a 6/10 SRM with two teeth per stator pole and a PM set 

between two adjacent stator poles as shown in Fig. 4-1 where the red arrows represent 

the magnetization direction of PMs. The counterpart is a 6/10 two teeth per pole SRM 

shown in Fig. 4-2. 

The novel motor, consisting of three phases named AA′, BB′ and CC′, adopts the 

conducting mode and winding configuration of conventional SRMs, with one or two 

phase conducting at the same time and concentrated winding. The only difference from 

conventional ones is that the current direction on adjacent phases must be reversed as 
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shown in Fig. 4-3 (b). DR-510 silicon steel is selected as the component of the stator 

and rotor cores and the material of PMs is chosen as N35SH.  

Six PMs in total are set between adjacent stator poles, with much smaller volume 

than those applied in PM synchronous motors. The magnetization direction of these 

PMs ensures the declination of magnetic saturation in the stator poles. 

 

Winding
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PM

Rotor

A
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B

B C

C 

 

Fig. 4-1 Schematic of the proposed hybrid reluctance motor 
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Fig. 4-2 Schematic of 6/10 two teeth per pole SRM 
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Fig. 4-3 Flux distribution with (a) non-excitation (b) excitation 

4.2.2 Working Principle Analysis of the Proposed Topology 

  The theoretical calculation takes two adjacent phases with a PM for analysis. The 

flux distributions under excitation and non-excitation current conditions are shown in 

Fig. 4-3 (a) and (b) respectively. When there is no current excitation, the cogging 

torque is nearly zero due to the fact that almost all the magnetic flux passes through 

the stator. The results of cogging torque under no load condition, with the optimized 

size as discussed later, can be obtained from Fig. 4-4 by using 2D-FEM. It can be seen 

from Fig. 4-4 that the cogging torque has a small value. In Fig. 4-3 (b), Φ1, Φ2, Φ3 is 

the magnetic flux in PM, stator pole and airgap, respectively. Φ1 is greater than zero to 

prevent demagnetization of PM. 

 

Fig. 4-4 Cogging torque of the proposed topology 
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  The equivalent magnetic circuit model under excitation condition is shown in Fig. 

4-5. 

Rg Rr
Ф3

Rp

Rs

Fp

Fi

Ф2

Ф1

 

Fig. 4-5 Equivalent magnetic circuit under excitation condition 

 

  With Kirchhoff laws KVL and KCL considered, the equations of magnetic circuit 

are expressed as 
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                     (4-1) 

where, Fp and Fi is the magneto motive force provided by the PM and current 

respectively; Rg, Rr, Rp and Rs is the reluctance of airgap, rotor, PM and stator, 

respectively. The results can be solved as 
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Φ2 and Φ3 can be transformed to 
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Considering about Rp＞＞Rg+Rr, Rp＞＞Rs and the equation 

pF H l                              (4-5) 

p

l
R

A
                             (4-6) 

where, H is the magnetic coercive force, l is the length of magnetization direction, μ 

and A is the magnetic permeability and cross-sectional area of PM in the magnetization 

direction, respectively. Equation (4-3) and (4-4) can be simplified and estimated as 
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For the topology without PMs, the simple EMC model can be obtained from Fig. 4-6. 

And Φ2 and Φ3 can be calculated as 

i
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F

R R R
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Fig. 4-6 EMC model of topology without PMs 
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Therefore, the comparison of Φ2 and Φ3 between PMs and non-PMs condition shows 

that the magnetic flux in the stator pole decreases while that in the air gap increases. 

Moreover, because of Rs＜＜Rg, the increase of flux in the air gap is small while the 

decrease of flux in the stator pole is quite significant, thus reducing the saturation. By 

using 2D-FEM, the magnetic flux density distribution in the stator pole at 10 degree 

position (unaligned position set as zero) of the two motors is shown in Fig. 4-7 (a) and 

(b), respectively. 

1.15T

 

(a) 

1.40T

 

(b) 

Fig. 4-7 Flux density distribution (a) with PMs (b) without PMs 

 

A half period torque comparison between two teeth per stator pole with and without 

PMs is shown in Fig. 4-8. The current density of both motors is set as 5A/mm2. The 
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torque improvement is about 25%. 

 

Fig. 4-8 Phase torque comparison between SRMs with and without PMs 

 

4.3 Design & Optimization of the topology 

4.3.1 Design of the Topology 

  The design and optimization of the motor is based on FEA and GA. For two teeth 

per stator pole 6/10 SRM, it should satisfy θslot+θs=36 ° for the purpose of continuous 

conducting, as defined and calculated similarly in Chapter 3, where θslot and θs is the 

arc angle of stator slot and stator teeth respectively. The commutation angle is 12 

degree.  

4.3.2 Optimization of the Topology 

The optimization is firstly conducted by FEA to determine the shape of the stator 

pole, based on lower saturation and sufficient area for winding. To obtain the best 

torque performance and consideration of the application to EVs, the optimization 
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objective is to maximize the specific torque (torque per unit of motor weight), while 

keeping the weight as low as possible because it leads to better market performance. 

The equivalent magnetic circuit method and GA are utilized to set up the fitness 

function and calculate its maximum. The optimized shape of the stator pole is shown 

in Fig. 4-9 with parameters marked on it.  

α

hs1

θslot

hr

 

Fig. 4-9 Stator pole & its parameters 

 

The mutual coupling effect between phases can be neglected, only self-inductance is 

taken into consideration. A comparison of self and mutual inductance can be found in 

Fig. 4-10 (a) and (b) with current value 40 Ampere ensuring suitable current density. 
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(a) 

 

(b) 

Fig. 4-10 (a) Self-inductance (b) mutual inductance of the proposed topology 

 

Therefore, the objective function is set in proportion to specific torque as 
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                             (4-10) 

where, Tavg is the average torque of one phase for half an electric period, weight is 

composed of that of steel and copper and 1000 is the multiple for larger fitness value. 

Some parameters, such as the outer diameter of stator, shaft diameter, stack active 

length and air-gap length are fixed as 382 mm, 100 mm, 74 mm and 0.5 mm, 
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respectively. Due to the difficulty of installing cooling system for in-wheel motors, the 

air cooling is selected. Hence, the current density is limited to about 5A/mm2 and the 

slot fill factor is 0.46.  

For GA optimization, the objective function should be set up at the beginning. 

Tavg is calculated according to the self-inductance variation with position. The value of 

self-inductance is a sum of individual inductances obtained from different flux lines in 

the EMC model. The magnetic flux lines at aligned and unaligned position are quite 

similar to those proposed in Chapter 3, which is calculated for a 6/16 two teeth topology. 

The only difference is that this topology should consider about the effect of PMs. The 

type of PMs is selected as N35SH, with the value of remanence Br 1.2T. The quantity 

of magnetic flux produced by PMs is distributed in the airgap and stator pole. The 

value of them can be obtained from FEM at the aligned and unaligned position, 

respectively. Then, those are added to the flux quantity calculation of the stator pole 

and airgap. And the thickness of PMs d, the rotor inner diameter Dr1, rotor pole height 

hr, stator inner diameter Ds1, stator teeth arc angle θs, slot depth in the stator pole hs1, 

rotor pole arc angle θr and the parameters of l1, l2 and α are set as the variable to be 

optimized. 

Moreover, some constraints need to be considered. There are also some linear and 

nonlinear inequalities as constraints for structures. The thickness of stator and rotor 

back iron should be more than one-half of the stator pole width and less than the stator 

pole width. Also, the slot area should be large enough to accommodate the number of 

winding turns. In addition, to avoid high saturation in the stator pole causing large 
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torque ripple, a minimum restriction of the width of stator pole is required. 

The parameters of GA optimization are shown as follows: the population number 

is 50, the maximum generation number is 15, the crossover probability is 0.8 and the 

mutation is 0.06. The design flowchart of the GA procedure can be obtained from Fig. 

4-11. And the average and the best fitness value during the optimization are shown in 

Fig. 4-12. A comparison of initial and final design can be found in Table 4-1. It is 

obvious that the optimization method can improve the specific torque by 22%. 
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Fig. 4-11 Design flowchart of GA procedure 
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Fig. 4-12 Fitness value during GA optimization 

Table 4-1 

Comparison between Initial and Final Design 

Parameter Initial Final 

Stator teeth arc angle θs(°) 14.0 15.0 

Rotor pole arc angle θr(°) 17.0 15.5 

Number of winding turns per phase N 110 134 

Stator inner diameter Ds1(mm) 172 182 

Rotor inner diameter Dr1(mm) 267 277 

Thickness of PMs d (mm) 10 10 

Stator pole inner slot depth hs1 (mm) 5.0 9.5 

l1 (mm) 6.7 8.0 

l2 (mm) 18.1 23.0 

α(°) 35 30 

Output torque (Nm) 115 140 

Specific torque (Nm/kg) 2.08 2.53 

0 5 10 15
1200

1400

1600

1800

2000

2200

Generation

F
it

n
es

s 
(N

m
/k

g
)

 

 

Mean fitness

Best fitness



 

77 
 

4.4 Performance Analysis & Comparison 

2D-FEM is utilized to analyze the electromagnetic torque, core loss, copper loss 

and flux distribution of the optimized topology. Both static torque characteristics for 

one phase and torque produced with full phase conducting considering the 

commutation are computed.  

To display the advantage of the proposed topology in torque output, a 6/4 and 

12/8 three phase in-wheel SRMs under the same design criteria of the motor frame are 

also analyzed for comparison. The three motors have a common rotor outer diameter 

of 382 mm, stack length of 74 mm, airgap of 0.5mm.  

To make the comparison fair and persuasive, the two conventional motors are 

optimized using GA method as well. The fitness function is proportional to specific 

torque with similar constraints as the proposed one. The optimized design parameters 

of the proposed motor are listed in Table 4-2. 

Table 4-2 

Geometric Parameters of Three SRMs 

SRM Configuration 6/4 12/8 6/10 with PMs 

Stator pole/teeth arc angle (°) 27.0 14.0 15.0 

Rotor pole arc angle (°) 32.0 16.0 15.5 

Number of winding turns per phase 182 192 134 

Copper wire diameter (mm) 1.12 1.12 1.12 

Number of parallel windings 6 6 6 

Slot fill factor 0.46 0.46 0.46 

 



 

78 
 

Taking temperature effect into account, all three motors are running under equal 

current density condition with reasonable magnetic flux densities in the silicon steel 

for the sake of stability and avoiding high temperature demagnetization for PMs. 

The analysis of the torque performance is based on 2D-FEM computation. Fig. 4-

13 and Fig. 4-14 demonstrate the comparison of static torque characteristics and the 

torque produced with full phase conducting and commutation consideration, 

respectively. The detailed performance data of the three motors can be obtained from 

Table 4-3. It is clear that the proposed motor generates higher torque compared with 

the conventional counterparts. The torque waveforms of full phase conducting give a 

quantitative numerical analysis which indicates that the output torque of the proposed 

topology is 49% higher than that of 6/4 and 12/8 SRMs under the equal loss 

consideration. Furthermore, the novel motor has the highest specific torque among the 

three for its application to EVs. 

 

Fig. 4-13 Phase torque waveforms of three motors 
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Fig. 4-14 Full phase torque waveforms of three SRMs 

Table 4-3 

Performance Comparison between Three SRMs 

SRM Configuration 6/4 12/8 6/10 with PMs 

Current density (A/mm2) 5 5 5 

Rated speed (rpm) 1000 1000 1000 

Copper weight (kg) 11.52 8.23 8.32 

Iron weight (kg) 47.21 40.43 46.40 

PM weight (kg) - - 0.58 

Total weight (kg) 58.73 48.66 55.30 

Steel iron loss (W) 28 53 75 

Copper loss (W) 670 478 482 

PM loss (W) - - 9.6 

Mechanical loss (W) 72 72 72 

Stray loss (W) 54 42 45 

Total Loss (W) 824 645 683.6 

Torque (Nm) 94 94 140 

Efficiency (%) 91.6 93.4 95.3 

Torque per weight (Nm/kg) 1.60 1.93 2.53 
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In addition, when all the three motors under the same torque of 94 Nm, the 

performance data can be obtained from Table 4-4. It indicates that under the same load 

condition, the proposed topology is able to exhibit higher efficiency and suitable torque 

ripple compared with conventional counterparts. 

Table 4-4 

Performance Comparison with the Same Load 

SRM Configuration 6/4 12/8 6/10 with PMs 

Current density (A/mm2) 5 5 3.47 

Torque (Nm) 94 94 94.4 

Torque ripple (%) 84.5 64.1 64.2 

Efficiency (%) 91.6 93.4 95.7 

 

4.5 Summary  

This chapter proposes a novel hybrid reluctance motor incorporating the idea of 

adding PMs between adjacent stator poles and multi-tooth per stator pole with almost 

zero cogging torque. It takes the advantages of two teeth topology to provide enough 

torque output and PMs to weaken the magnetic flux saturation in the stator pole to 

increase the average torque and decline the torque ripple. The properties of the motor, 

including magnetic flux distribution, inductance, magnetic flux density, torque and loss, 

are calculated and analyzed by using 2D-FEM. GA method is utilized to optimize the 

parameters of the topology. The result shows that the novel motor has the ability to 

provide higher torque output with equal loss and lighter weight compared with 
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conventional counterparts. Moreover, the number of rotor poles is acceptable, highly 

suitable for common position sensors. Therefore, it has vast potential for future 

development in EVs.  

In the next chapter, a prototype with a smaller size and an outer stator structure is 

constructed for the test of this topology. The outer diameter of the stator is selected as 

120 mm, along with the stack length set as 85 mm. The speed of the motor can reach 

960r/min with DC voltage 180V to achieve 730W power output. 
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Chapter 5  

Experimental Performance of a Novel 

Hybrid Reluctance Motor 

A motor with a smaller size and the same working principle of the hybrid reluctance 

topology is manufactured for high torque density experimental verification. The motor 

is an outer stator and inner rotor topology to enable easier manufacturing. Besides, a 

motor system is set up to verify the performance of the proposed topology. The 

characteristics of the motor are analyzed by utilizing FEM and confirmed by the 

experimental results. The analysis and experiment together demonstrate that the 

topology proposed in Chapter 4 will enhance the torque output, power density and 

efficiency. 
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5.1 Prototype & Simulation Analysis of the Motor 

  The prototype of the motor is an outer stator structure, along with the values of the 

fixed geometric parameters: stator outer diameter 120 mm, stack length 85 mm, shaft 

diameter 25 mm and airgap 0.3 mm. Other parameters are selected according to the 

optimization method combined by GA, 2D-FEM and EMC model mentioned in 

Chapter 4. The final optimized motor parameters are listed below in Table 5-1. 

Table 5-1 

Optimized Motor Parameters 

Parameter Optimized  

Stator teeth arc angle θs(°) 15.0 

Rotor pole arc angle θr(°) 15.5 

Number of winding turns per phase N 140 

Stator inner diameter Ds1(mm) 64 

Rotor inner diameter Dr1(mm) 46 

Thickness of PMs d (mm) 3 

Length of PMs l (mm) 5 

Thickness of stator yoke bs (mm) 9 

Stator pole inner slot depth hs1 (mm) 3.5 

l1 (mm) 2.76 

l2 (mm) 10.84 

α(°) 57 

 The winding configuration is implemented with five parallel wires whose conductor 

diameter is 0.52 mm, 0.55 mm, 0.57 mm, 0.58 mm and 0.60 mm, respectively, 
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accumulating a total cross section area of 1.27 mm2. For the concentrated winding, the 

slot fill factor is selected as 0.4. Besides, the steel type is chosen as DW470. The model 

setup on the basis of Ansoft Maxwell can be obtained from Fig. 5-1.  

stator

rotor

PM

windings

 

Fig. 5-1 Model of the proposed topology based on Maxwell 

 The red arrow represents the direction of the magnetic excitation of PMs. Besides, 

the fork and point mark inside the windings stand for current flowing in and out, 

respectively. The static torque performance with the current density 5.5A/mm2 and 

each phase conducting for half an electric period is shown in Fig. 5-2.  

 

Fig. 5-2 Static torque performance of the proposed topology 

Moreover, the performance comparison with a 12/8 SRM shown in Fig. 5-3 of the same 

dimension is demonstrated in Table 5-2 by utilizing FEM. 
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Windings
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Fig. 5-3 Prototype of 12/8 SRM 

Table 5-2 Comparison with 12/8 SRM by Utilizing FEM 

Motor configuration 12/8 SRM Proposed Motor 

Stator outer diameter (mm) 120 120 

Stack length (mm) 85 85 

Airgap length (mm) 0.3 0.3 

Number of turns per phase 208 140 

Slot fill factor 0.4 0.4 

Current density (A/mm2) 5.5 5.5 

Average Torque (Nm) (FEM) 4.49 7.40 

Copper loss (W) 103.95 82.8 

Core loss (W) 18.6 35.6 

PM loss (W) - 0.12 

Mechanical loss (W) 4.99 4.99 

Stray loss (W) 8.93 8.64 

Output Power (W) 470 775 

Efficiency (%) 77.5 85.4 
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5.2 Motor System Set up 

5.2.1 Mechanical Structure of the Platform 

The mechanical structures of the motor and platform are developed by the software 

Solidworks 2012 for manufacturing purpose. The models of the stator, rotor and 

platform are shown below in Fig. 5-4 (a), (b) and (c), respectively. 

 

                  (a)                       (b) 

Hysteresis brake

Torque sensor
Motor

 

(c) 

Fig. 5-4 Mechanical structure of (a) stator (b) rotor (c) platform 

5.2.2 Experimental Platform Set up 

The manufactured version of the stator, rotor and windings can be found in Fig. 5-5 
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(a), (b) and (c), respectively.  

 

                       (a)                      (b) 

Windings
PMs

 

                               (c) 

Fig. 5-5 Prototype of (a) stator (b) rotor (c) winding configuration of the motor 

    Moreover, the platform is set up as follows in Fig. 5-6, in which DSPACE 

DS1104 is utilized as the control board.  

Proposed motor Rotary encoder
Torque sensor

Load
Oscilloscope

Load excitation

DC power supply

Amplifier
DSPACE DS1104

 

Fig. 5-6 Experimental motor system set up 
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5.3 Static Performance of the Motor 

 The static torque characteristic of the proposed motor is measured by experimental 

method. The result is compared with that of 2-D FEM simulation by using Ansoft 

Maxwell, along with the value of the excitation current for testing varies from 2A to 

10A. Besides, the position covers half an electric period from the unaligned position 

to the fully aligned one. The results and comparison can be obtained from Fig. 5-7. 

The figure illustrates that most testing points correspond with the FEM simulation 

within an error of 10% with only some individual ones deviating from the expected 

due to the manufacturing and measurement errors.  

 

Fig. 5-7 Measured & FEA comparison of static torque performance 

5.4 Dynamic Performance Analysis of the Proposed Motor 

 The motor is controlled by the board DSPACE DS1104, with an asymmetric bridge 

structure of the power converter for driving. Besides, the line number of the rotary 

encoder is 2000 and four folded by the control board to limit the maximal position 

error within 0.045 degree. Moreover, the voltage value provided by the DC power 
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supply is 180V. The block diagram of the control strategy is shown below in Fig. 5-8. 

DC Power 

Supply

Converter: 

Asymmetric Bridge 

MOSFET Drive  

Hybrid 

Reluctance Motor

+

-

Speed 

Reference

Speed
PI ControllerDA

Current

+

-

PWM I/O

Position
APCPI Controller

 

Fig. 5-8 Block diagram of the control strategy 

The control method of the proposed motor is dual-closed-loop control with the 

outer loop of speed and inner loop of current. The transistors are selected as MOSFET 

to control the current value in the windings. In addition, APC stands for angle position 

control to define the switching on and off angles of the MOSFET.  

For better operation and higher torque output of the topology, the switching on 

angle is set as -0.5 degree while the switching off angle is selected as 15 degree for 

phase A, where the fully aligned position of phase A is defined as the zero position. 

The rated speed of the motor is 960r/min. Through experimental analysis, the output 

torque can reach 7.3 Nm with the current density 5.5A/mm2.The data are collected in 

Table 5-2.  

 

 



 

90 
 

Table 5-3 

Motor Performance Data 

Parameter Optimized  

Number of winding turns per phase N 140 

Total cross-section area of each turn (mm2) 1.27 

Current density (A/mm2) 5.5 

Stator outer diameter Ds2 (mm) 120 

Stack length l (mm) 85 

Airgap length (mm) 0.3 

Rated speed (rpm) 960 

Rated torque (Nm) 7.3 

Rated power (W) 730 

  The FEM simulation of transient torque and measured average torque (because of 

the working principle of the torque sensor, transient torque cannot be acquired) at the 

rated speed can be obtained from Fig. 5-9. The current injected into the windings for 

FEM simulation is in the shape of square waveforms with each phase conducting half 

an electric period. The average torque value of the experimental result agrees well with 

that of the simulation which is 7.35 Nm. Furthermore, the current waveform of three 

phase full load current at the speed of 500 rpm is demonstrated in Fig. 5-10 
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Fig. 5-9 Measured & simulated transient torque characteristic 
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Fig. 5-10 Measured three phase current waveform of the motor 

Then, the torque and speed characteristic can be measured for the proposed motor 

with the result shown in Fig. 5-11. The rated speed can reach 960 r/min with the torque 

output almost 7.3 Nm. Moreover, the maximal power output for this machine is 734 W 

as shown in Fig. 5-12 under various speed conditions.  
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Fig. 5-11 Torque versus speed characteristic of the motor 

 

Fig. 5-12 Output power of the motor 

  The experimental phase current and average torque waveform in low, middle and 

high speed mode is shown in Fig. 5-13 (a), (b) and (c), respectively. The value of the 

speed is selected as 220r/min, 960r/min and 1200r/min, respectively. 
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ia [5A/div] 

Te [5Nm/div] 

 

 (a) 

ia [5A/div] 

Te [5Nm/div] 

 

  (b) 

ia [5A/div] 

Te [2Nm/div] 

 

(c) 

Fig. 5-13 Phase current & torque waveform with the speed of (a) 220r/min (b) 
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960r/min (c) 1200r/min 

  Also, the efficiency of the motor at the rated speed 960 rpm is evaluated through 

experimental method. The efficiency equation is expressed as, 

out

in

P
= 100%

P
                             (5-1) 

where, Pout is the motor output power and is illustrated as, 

out eP T                                (5-2) 

and Pin is the motor input power and demonstrated as,  

in

1
P n ui t

T
                               (5-3) 

where, n is the number of phases, u is transient voltage added to each phase and i is the 

transient phase current. By inserting (5-2) and (5-3) into (5-1), the efficiency equation 

can be transferred to 

eT
100%

1
n ui t

T







 

 
                        (5-4) 

Phase A is selected to calculate the motor input power and efficiency. The measured 

data and waveform can be obtained from Fig. 5-14 in which the M channel is the 

calculation result of the input power of Phase A.  

ia [10A/div] 

Pa [2kW/div] 

ua [200V/div] 
Te [5Nm/div] 

 

Fig. 5-14 Measured waveform related to efficiency calculation 
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  Therefore, the measured results illustrate that the efficiency of the proposed motor 

at the rated speed is 81% much higher than the induction motor of the same size which 

only has an efficiency of 65% [107]. Furthermore, the output power of the topology is 

730W, still much higher than that of an induction motor with the same physical volume 

of frame which can output 550W. The detailed comparison can be obtained from Table 

5-4.  

Table 5-4 Comparison with IM by Experiment 

Motor configuration IM [107] Proposed Motor 

Stator outer diameter (mm) 120 120 

Stack length (mm) 85 85 

Airgap length (mm) 0.25 0.3 

Number of stator/rotor slot 24/22 6/10 

Current density (A/mm2) 7.9 5.5 

Average Torque (Nm) (Measured) 5.47 7.30 

Speed (rpm) 960 960 

Output Power (W) 550 734 

Efficiency (%) 65 81 

Voltage (V) Three-phase 220AC 180DC 

 

5.5 Summary 

  A hybrid reluctance motor with the same operating principle as that mentioned in 

Chapter 4, but with a smaller size and inner rotor structure is further developed in this 
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chapter. At the beginning, mechanical design and experiment platform setup are 

implemented. Then, the static performance of the motor is measured and compared 

with FEM simulation results. Moreover, the assessment of the motor transient 

performance is done to verify its characteristics. The test motor can reach the rated 

speed of 960 r/min and output 730W power. Finally, the experimental results 

correspond quite well with the FEA simulation. The proposed topology achieves high 

torque output, high power density and good efficiency. 

  



 

97 
 

Chapter 6 

Conclusion and Future Work 

In the whole thesis, the SRM is introduced to the application of EVs. The design, 

optimization and performance analysis of two topologies of enhanced torque motors 

based on SRM working principle are carried out in Chapter 3 and Chapter 4, 

respectively. A motor with the same working principle of the topology proposed in 

Chapter 4, but with a smaller size is manufactured for experimental verification in 

Chapter 5. The experimental results correspond quite well with FEA to confirm the 

torque and power improvement. This chapter makes a conclusion of all the 

contributions of the thesis and suggestions for future research work. 
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6.1 Contributions & Achievements 

A. The electric motors applied to EVs have been reported to be various types that 

include the brushed and brushless DC motor, induction motor and permanent magnetic 

motor. However, the superior features of the switched reluctance motor over other 

kinds of motors are simple, robust structure, low cost and better fault tolerance. 

Therefore, it presents a good prospect for EV applications. 

B. Two special types of SRMs are discussed. One type is the SRM with more rotor 

poles than stator poles. The other is that with multiple teeth per stator pole. These two 

types are analyzed for torque improvement. 

C. A novel enhanced torque density in-wheel SRM is proposed. It combines the idea 

of multi-teeth per stator pole and more rotor poles than stator teeth together. The 

magnetic principle of the proposed topology is analyzed initially. Then, the structure 

determination is made, including number of teeth per stator pole, number of rotor poles 

and number of phases. Moreover, the motor topology is optimized by GA and EMC 

model. In addition, the performance of the motor is analyzed by FEM and compared 

with SRMs with more rotor poles than stator poles to verify its advantages. 

D. The topology of a new hybrid reluctance motor by inserting permanent magnets 

between adjacent stator poles of a multi-teeth SRM is put forward. The motor is an in-

wheel version and operated based on the switched reluctance principle. Also, the 

structural analysis is carried out to determine the shape of stator pole by using FEM. 

Then, the EMC model is utilized to analyze the effect of torque improvement and the 

result is confirmed by FEM. Furthermore, the optimization process is based on GA for 
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the purpose of maximal specific torque. Finally, the torque performance and energy 

loss of the topology are calculated and compared with its conventional counterparts to 

show its dominance.  

E. A hybrid reluctance motor with the same working principle as mentioned before, 

but of a smaller size and outer stator structure is manufactured to verify its torque and 

power enhancement. The analysis includes static and transient performances, along 

with the comparison with those analyzed by utilizing FEM. The comparison 

demonstrates that the experimental results agree quite well with those of the simulation. 

Therefore, the torque and power density improvement is demonstrated. 

6.2 Suggestions for Future Research 

As mentioned before, better control and optimization strategies need to be 

considered about for the proposed hybrid reluctance motor to achieve higher efficiency 

and better performance. The suggestions are put forward as follows: 

(1) The control method of high speed operation needs to be changed to angle position 

control to keep the output power constant to enhance its dynamic performance. In the 

future work, control methods to optimize the performance of motor under different 

speed conditions are about to be proposed and analyzed. 

(2) Although the experimental results have proved that the proposed hybrid reluctance 

motor is able to improve the power and torque density with a suitable turn on and off 

angle, a more optimized switch on and off angle may be possible to increase the torque 

output further. Therefore, substantial research work need to be conducted on that. 
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(3) The application of PMs inserted into two-teeth SRM is able to reduce the magnetic 

saturation in the stator pole, thus reducing the output torque ripple. The reluctance 

motor, however, has a feature of high torque ripple. As a consequence, some novel 

control methods to weaken the torque ripple of the proposed motor need to be further 

studied. 

(4) Due to the high cost, speed limit and increased axial length introduced by position 

sensor, sensorless control has its potential application in low cost, low volume and high 

speed situation. Hence, some frontier control methods, including model predictive 

control (MPC), can be explored for deeper research. 
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Appendices 

A. GA optimization MATLAB code for the motor in Chapter 3: 

Main Function: 

function Tw=a3(pop) 

    Dr1=pop(1); 

    hr=pop(2); 

    Ds1=pop(3); 

    seitas1=pop(4); 

    hs1=pop(5); 

    betar=pop(6); 

miu0=4*pi*10^(-7); 

Dr2=382*10^(-3); 

Dsh=100*10^(-3); 

lg=0.5*10^(-3); 

Ds2=Dr1-2*lg; 

l=74*10^(-3); 

br=(Dr2-Dr1)/2-hr; 

hs=(Ds2-Ds1)/2; 

I=23; 

rou=0.0217 

bs=(Ds1-Dsh)/2; 
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gama=asin(Ds2*sin(seitas1/2)/Ds1)-seitas1/2; 

slot=(37.5/180*pi-seitas1)/2*(Ds2/2)^2-(37.5/180*pi-seitas1-2*gama)/2*(Ds1/2)^2-

Ds2/2*Ds1/2*sin(gama); 

N=slot/(2209.18e-6)*122; 

N=ceil(N); 

if mod(N,2)==1 

    N=N+1; 

end 

Lu1=flux1(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu2=flux2(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu3=flux3(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu4=flux4(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu5=flux5(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu6=flux6(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu7=flux7(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu8=flux8(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu9=flux9(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu10=flux10(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu11=flux11(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu12=flux12(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

Lu13 = flux13( miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr ); 

Lu=Lu1+Lu2+Lu3+Lu4+Lu5+Lu6+Lu7+Lu8+Lu9+Lu10+Lu11+Lu12+Lu13; 
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La1=aflux1(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

La2=aflux2(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr); 

La=La1+La2; 

L=Lu-La; 

T=0.5*L*I^2; 

l1=Ds2*sin(11.25*pi/180-seitas1/2); 

h1=hs1-Ds2/2+Ds2/2*cos(11.25*pi/180-seitas1/2); 

l2=l1-2*h1*tan(11.25*pi/180); 

S3=(l1+l2)*h1/2+(pi/16-seitas1/2)*(Ds2/2)^2-0.5*(Ds2/2)^2*sin(pi/8-seitas1); 

V1=(pi*(Ds2/2)^2-6*slot-6*S3-pi*(Dsh/2)^2)*l; 

V2=(pi*(Dr2/2)^2-pi*(Dr2/2-br)^2+16*betar*Dr1/2*hr)*l; 

weight1=7.8e3*(V1+V2); 

weight2=pi*0.56^2*8*N*378.73*3*8.9e-6; 

weight=weight1+weight2; 

loss=1.5*I^2*0.0217*(74+(Ds2/4+Ds1/4)*(pi/8+seitas1)+Ds1*sin(pi/6-pi/16)-

seitas1*Ds2/2)*2*1e-3/(pi*0.56^2*8)*N; 

Tw=T/(pi/10)/weight+ T/(pi/10)/loss+1000 

end 

B. GA optimization MATLAB code for the motor in Chapter 4: 

Main Function: 

function Tw=main3(pop) 

miu0=4*pi*10^(-7); 
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Dr1=pop(1); 

lg=0.5*10^(-3); 

Dr2=382*10^(-3); 

Ds2=Dr1-2*lg; 

Dsh=100*10^(-3); 

hr=pop(2); 

Ds1=pop(3); 

seitas1=pop(4); 

betar=pop(5); 

hs1=4.9*10^(-3); 

l=74*10^(-3); 

br=(Dr2-Dr1)/2-hr; 

hs=(Ds2-Ds1)/2; 

I=23.3; 

bs=(Ds1-Dsh)/2; 

lpm=10*10^(-3); 

l1=pop(6); 

l2=pop(7); 

arfar=pop(8); 

r2=Ds2/2*cos(18*pi/180+seitas1/2)-lpm*cos(18*pi/180)+l1*sin(pi/6)-l2*sin(arfar); 

r1=Ds2/2*sin(18*pi/180+seitas1/2)-lpm*sin(18*pi/180)-l1*cos(pi/6)-l2*cos(arfar); 

l3=r2-sqrt((Ds1/2)^2-r1^2); 
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peseiFe=0.207; 

peseiAir=0.032; 

peseiTotal=0.239; 

S1=r1*l; 

seita1=seitas1*Ds2/(2*Ds2-4*hs1); 

seita2=pi/10-seita1; 

S2=seitas1*Dr1/2*l+hs1*l+seita2*(Ds2/2-hs1)*l; 

slot=(Ds2*sin(12*pi/180-seitas1/2)-2*lpm*sin(12*pi/180)+2*l1+2*l2*sin(pi/3-

arfar)-l3*sin(pi/6))*l3*cos(pi/6)+(Ds2*sin(12*pi/180-seitas1/2)-

2*lpm*sin(12*pi/180)+2*l1+l2*sin(pi/3-arfar))*l2*cos(pi/3-arfar)-(pi/6-

asin(2*r1/Ds1))*(Ds1/2)^2+0.5*(Ds1/2)^2*sin(pi/3-2*asin(2*r1/Ds1)); 

N=slot/(1397e-6)*110; 

N=ceil(N); 

if mod(N,2)==1 

    N=N+1; 

end 

Lu1=uflux1(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu2=uflux2(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu3=uflux3(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 
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Lu4=uflux4(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu6=uflux6(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu7=uflux7(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu8=uflux8(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu9=uflux9(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

Lu=Lu1+Lu2+Lu3+Lu4+Lu6+Lu7+Lu8+Lu9; 

peseiFe=0.043; 

peseiAir=0.18135; 

peseiTotal=0.22435; 

La1=aflux1(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

La2=aflux2(miu0,Dr1,Dr2,Ds1,Ds2,Dsh,seitas1,hs1,lg,l,betar,br,hs,N,I,bs,hr,lpm,l1,l

2,l3,peseiFe,peseiAir,peseiTotal,S1,S2,r1,r2,arfar); 

La=La1+La2; 

L=Lu-La; 

T=0.5*L*I^2; 

S3=(Ds2*sin(pi/10-seitas1/2)-7.585e-3*sin(pi/10))*7.585e-3*cos(pi/10)+(pi/10-
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seitas1/2)*(Ds2/2)^2-(Ds2/2)^2*0.5*sin(pi/5-seitas1); 

V1=(pi*(Ds2/2)^2-6*slot-6*S3-pi*(Dsh/2)^2)*l; 

V2=(pi*(Dr2/2)^2-pi*(Dr2/2-br)^2+10*betar*Dr1/2*hr)*l; 

weight1=7.8e3*(V1+V2); 

weight2=pi*0.56^2*6*N*375.3*3*8.9e-6; 

weight=weight1+weight2; 

Tw=T/(pi/10)/weight+1000 

end 
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