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 Abstract 

Given the recent interest in the replacement of internal combustion engines with electric 

machines, the main aim of this research is to design a high torque density permanent 

magnet machine to an electric vehicleôs specification. A new design concept for 

increasing the torque density of a conventional permanent magnet machine is 

introduced and described theoretically and mathematically. The proposed method 

involves splitting the stator teeth in order to introduce a magnetic gear ratio into the 

torque equation. The introduced machine is also further modified to improve its magnet 

utilisation.  

An investigation is carried out on the impact of different slot to pole combinations on 

torque density and an optimum combination found. 

Thereafter, two optimisation methods are applied. The first method is carried out 

manually by varying a single parameter and investigating its effect on torque density. 

The second method is conducted automatically using OptiNet to validate the results 

achieved with the manual optimisation. 

Further analysis is carried out, including mechanical evaluation against centrifugal 

forces in order to determine the mechanical strength of the rotor. 

Finally, a prototype is constructed and tested with detailed discussion on the results 

achieved and comparison with finite element calculations in order to validate the design 

and determine its level of performance. The final design is then compared to the Toyota 

Camry and Prius electrical motors.  
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 Introduction  Chapter 1. 

 Background 1.1

Atmospheric carbon dioxide has doubled its levels since pre-industrial times and in 

order to stabilise it, a serious emission reduction is required globally by all industrial 

sectors. The electricity sector has played a huge part in this, so its contribution to 

emission reductions is essential. Electric motors account for a large proportion of 

electricity consumption [1-3]. The increased use of electric drives in our everyday lives 

has driven a challenge to produce more economical drives. The incentives of more 

economical and environmental imperatives have encouraged industries and researchers 

around the globe to develop better electric drives by introducing different types and 

contributing new ideas in order to build premium efficiency level motors for cost 

savings that match the up to date global standards and regulations [3-7]. High efficiency 

machines play a strong role in saving energy and lower energy consumption decreases 

operation costs and increases environmental sustainability of drive systems [8, 9]. 

Designing an energy efficient motor requires consideration of many variables such as 

performance, frequency, voltage, test methods and costs [10]. Efficiency gains can be 

increased through the development of different machine constructions and new 

materials, and considerations must be taken into account to supply machines at their 

rated voltage [11, 12]. Hence this project explores ways of designing a high 

performance electric motor which can be used in automotive applications, specifically 

for electric vehicles (EVs), while overcoming most of the challenges faced by the motor 

design industries. The search for energy efficient and environmentally friendly vehicles 

has increased interests worldwide over the past two decades as EVs offer sustainable 

personal mobility, especially if renewable energy is used [13]. 

  The Research 1.2

This project was carried out within the Power Electronics, Drives & Machines Group at 

Newcastle University. It explores a novel machine topology to achieve high torque 

output over a given speed, specifically for automotive applications. The novel machine 

topology has been designed for torque dense applications such as average passenger 

EVs, sports cars, industrial vehicles, motorcycles and marine applications. The resulting 
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machine is designed to be used either as a direct drive traction motor, or coupled to a 

gearbox (e.g. for transmission) for multiplications, and hence the importance of a more 

energy efficient and environmentally friendly vehicle [14]. The research is carried out 

on different machine topologies, and development of these will aim to produce a 

machine with more torque output. The research will concentrate on permanent magnet 

(PM) machines that could be implemented in a range of electric, or hybrid electric 

vehicles, with an emphasis on: 

¶ High power and torque density 

¶ Minimal volume 

¶ Wide speed range 

¶ High starting torque 

¶ High efficiency 

¶ Low noise 

¶ Acceptable cost 

¶ Good voltage regulation 

¶ Relatively low rotor temperatures  

¶ Increased energy efficiency 

 Contribution to Knowledge 1.3

The work carried out in this thesis has provided new insight into the following: 

¶ A greater torque per unit volume was achieved from a new permanent magnet 

machine with surface mounted magnets. This machine involved the splitting of 

the stator teeth in order to introduce a magnetic gear ratio into the torque 

equation. 

¶ A modified design of the new machine using concentrated magnets and two 

stators was also designed, optimised, constructed and evaluated.  

¶ An optimisation method was applied using a parameterised model to achieve the 

maximum torque output for a fixed current density. This method optimises every 

vertex of the machine to provide the best possible dimensions to give accurate 

results 

¶ An improved magnet utilisation has been proven using an inner stator to redirect 

leakage flux to link the coil.   
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¶ An improved mechanical structure for the flux concentrated magnet topology 

was achieved and discussed. 

¶ An improved shaft design for conventional rotors that rotate in between two 

stators was achieved and discussed. 

¶ An improved fill factor for hand winding was achieved by compressing the coils 

using a slot shaped tool before placing the coil inside the slot. 

 Published Material 1.4

1. Alamoudi, Y.A., Atkinson, G. J., Mecrow., ñTorque density permanent magnet 

machine for automotive applicationsò, ICEM, XXIth International Conference 

on Electrical Machines, Berlin, Germany, 2-5 September, 2014. 

2. Alamoudi, Y.A., Atkinson, G. J., Mecrow., ñTorque density permanent magnet 

machine for automotive applicationsò, IET, International PEMD on Power 

Electronics, Machines and Drives, Manchester, UK, April, 2014. 

3. Alamoudi, Y.A., Atkinson, G. J., Mecrow., ñNew high torque density permanent 

Magnet Machinesò, IEEE, IECON 2012, 25-28 October 2012, Montreal, 

Canada. 

4. Alamoudi, Y.A., Atkinson, G. J., Mecrow., ñA new design concept for high 

torque permanent magnet machinesò, IET, EFEA 2012, The 2
nd

 International 

Symposium on Environment-Friendly Energies and Applications, Newcastle 

upon Tyne, UK, June, 2012. 

5. Alamoudi, Y.A., Atkinson, G. J., Mecrow., ñHigh torque density permanent 

magnet machine for automotive applicationsò, IET, International PEMD on 

Power Electronics, Machines and Drives, Bristol, UK, March, 2012. 

 Objectives and Overview of this Thesis 1.5

This thesis explores the design of a new PM machine topology for automotive 

application, specifically for EVs, and consists of eleven chapters ranging from a review 

of existing machines and EVs to the new machineôs construction and test results and 

finishing with the study conclusion. The thesis starts with an introduction to the 

research and ends with an appendix. The following gives an outline of each chapter: 

¶ Chapter 1: This chapter gives an introduction to the thesis, provides a 
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background to electrical machines, describes some of the more important points 

in the research field of electrical machine design, emphasises  the importance of 

this research, also the work published during the research, and the presents 

studyôs objectives and gives an overview of this thesis. 

¶ Chapter 2: A literature review on various types of electric vehicles is provided 

in this chapter describing the background and various types of electric vehicles 

and how their use affects the environment. Also the challenges faced in the 

development of EVs are highlighted here.  

¶ Chapter 3: Different types of electrical machines used in electric vehicles are 

described along with their advantages and disadvantages. Different rotor and 

stator topologies in PM machines are discussed for the purpose of designing a 

novel PM machine topology. Performance comparison between different 

machines using FE analysis is also reviewed here. 

¶ Chapter 4: This chapter describes a novel PM machine design using theoretical 

and mathematical explanations. The proposed machine is also designed, 

analysed and evaluated using Two-Dimensional (2D) Finite Element (FE) 

simulations, and it is then compared to a typical convectional brushless PM 

machine of the same dimensions in regard to their torque densities. 

¶ Chapter 5: A modified design of the new permanent magnet machine shown in 

chapter 4 is proposed here, which was designed using 2D FE and compared to 

the pre modified design 

¶ Chapter 6: A performance comparison of different slot to pole combinations in 

the new design topology is given in this chapter. The comparison is carried out 

by using 2D FE simulations to design and analyse different slot to pole 

combinations in order to find the optimum combination. Two optimisation 

methods are described and used to improve the performance of the machine with 

the chosen combination. The fixed and variable parameters used during the 

optimisation are also shown here. 

¶ Chapter 7: In this chapter, investigations are carried out on the impact of 

varying the dimensions on torque density using the first optimisation method. 

This is accomplished in order to find the initial optimum design manually, 

including the dimensions of the outer stator, inner stator and rotor. The impact of 

the presence of the inner stator is also observed here.  

¶ Chapter 8: The manual optimisation is compared here to the OptiNet 
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optimisation and the final design is then defined. In addition, the method used to 

determine the mechanical strength of the rotor is explained, and further 

investigations on the final design are also assessed here. 

¶ Chapter 9: The process of building the novel PM machine prototype is 

described in this chapter along with the assembly process, which includes the 

case, windings, shaft and bearings. 

¶ Chapter 10: In this chapter an account is given of the test rigs used and the 

performance results for the novel PM machine prototype. The results are also 

compared to existing commercially available machines. 

¶ Chapter 11: A summary of the research is provided in this chapter along with 

the conclusions. Possible future research is then discussed. 
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 An Overview of Electric Vehicles Chapter 2. 

This chapter discusses the recent increased interest in the replacement of Internal 

Combustion Engine Vehicles (ICEVs) with in Electric Vehicles (EVs). An overview of 

current EVs is also provided, examining different types and their effect on the 

environment. The challenges facing the design and production of EV are then described. 

This thesis presents research conducted on the design of a motor for EV applications, 

and hence, the challenges and performance requirements associated with the design of 

EV motors are detailed. 
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 Introduction  2.1

The concept of EVs is not new. They were first conceived alongside the Internal 

Combustion Engine (ICE) in the 19
th
 century and were considered a contender to the 

ICE for some years. And although petrol has a greater energy density than an 

electrochemical battery, EVs continued to be favored during the late 1800s and early 

1900s, especially in urban areas. This was due to their advantages such as a self-starting 

capability and no requirement for changing gears, which was a most troublesome 

problem with ICEVs. Furthermore, EVs do not suffer from the noise, vibration and 

smell associated with ICEVs. 

Interest in EVs started to decline by the 1920s due to their limited range thanks to 

limited battery capability, inferior performance and greater cost, especially after the 

building of better road systems that linked different cities and which required longer 

range vehicles. Also, around the same time, cheap petrol became available and an 

electric starter motor was invented for ICEs which was energy efficient and 

nonpolluting. Since then, interest focused on ICEs and how to improve their design and 

make them more efficient, and ICEs subsequently gained in popularity across the world. 

EVs in the other hand were mainly employed for low speed vehicles for short-range use, 

such as golf carts. 

Interest in EVs never faded completely, and further enthusiasm for EVs was shown 

whenever specific problems arose with ICEs regarding their operation, especially when 

concerns over air quality arose in the early 1960s and during the energy crisis in the 

1970s. Since then EVs have attracted stronger interest, especially after the turn of the 

century, for the following main reasons [15, 16]: 

¶ The latest rounds of environmental awareness and energy concerns, as ICEVs 

have been found to be the main source of urban pollution according to figures 

released in the U.S. [17, 18]. 

¶ The need to reduce dependency on imported foreign crude oil. 

¶ The improvement in motor design and the power electronics associated with 

EVs. 

¶ The advances in lithium-ion batteries 

¶ The use of regenerative braking rather than friction braking as in ICEVs.  
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¶ Although EVs are more expensive than ICEVs, their running costs are very low 

in comparison. 

After years of interest and research in EVs, various different topologies have been 

invented. For example, Hybrid Electric Vehicles (HEVs) have been very popular 

recently due to their unique ultralow emissions, high fuel economy, affordable prices 

and levels of driving performance similar to ICEVs. The Toyota Prius was the first 

model to implement this technology in 1997 [19, 20]. 

 Electric Vehicles 2.2

The various topologies of EV are described below. 

2.2.1 Hybrid Electric Vehicles 

This type of vehicle combines an electric motor and an ICE. These are combined in 

such a way as to gain the most desirable benefits from both at different times in the 

driving cycle, which has been found to save energy and minimise pollution when 

compared to ICEVs. This is because the ICE in this system uses the Atkinson cycle, 

which was invented by James Atkinson, and an example of the behavior of the four 

strokes of the ICE in this cycle for one position is shown in Figure 2.1. The first stroke 

is the intake stroke, when the fuel and air mixture is pulled in to the cylinder using the 

intake valve. This is followed by a compression stroke which differs in the Atkinson 

cycle when compared to the conventional Otto cycle that is widely used by ICEVs. In 

this compression stroke, the intake valve does not close until the piston starts to rise up 

to a specific ratio in the Atkinson cycle. Due to this, some of the air and fuel returns to 

the intake, unlike in the Otto cycle where the valve closes when the piston reaches the 

bottom of the piston and hence more fuel is used. 

For clarity, it is possible to say that the compression ratio in a normal cycle for a 

volume of 1.2L inside the piston as seen in Figure 2.1 is 12:1 when the piston is at the 

bottom of the piston. However, because the intake does not close until the piston starts 

to rise in the Atkinson cycle, this ratio is reduced to 10:1 in this example. 

The third stroke is the power stroke and this is when the piston moves up and 
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compresses the mixture of air and fuel to 0.1L before combustion takes place. After the 

power stroke, the piston is pushed to the bottom of the cylinder leaving a volume of 

1.2L of exhaust. This results in the exhaustion ratio being more than the compression 

ratio (10:1<12:1). 

A comparison of the Otto and Atkinson cycles can be seen in Figure 2.2, where the 

compression strokes in both cycles involve the same amount of pressure (P1O = P1A). 

However, the Atkinson cycle has less volume (V1O > V1A), and hence less fuel. In 

addition, the Atkinson cycle has less pressure inside the cylinder during the power 

stroke (P2O > P2A) and less pressure during the exhaustion stroke (P3O > P3A). Hence it 

can be concluded that the Atkinson cycle is more efficient. However, it gives less power 

and torque, which can be compensated for by using an electric motor as in HEVs. 

 

Figure  2.1. Four Strokes of the Atkinson Cycle. 

 

Figure  2.2. Comparison of the Otto and Atkinson Cycles. 

Figure 2.3 shows a HEV from BMW (model i8). 
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Figure  2.3. Series Hybrid EV [21]. 

The fuel economy in terms of Miles Per Gallon (MPG) achieved by HEV using petrol 

or diesel for both city and highway travelling are shown and compared with that of 

ICEVs in Figure 2.4 [22]. 

 

Figure  2.4. MPG Comparison for Different Types of Vehicles [22]. 

It can be seen from the figure above that HEVs achieve higher fuel economy than 

ICEVs both in cities and highways. 

The sources of power can be connected using different topologies, and therefore, HEVs 

can be classified as series hybrids and parallel hybrids. However, given the increase in 

their variety and complexity, HEVs have been further classified as seriesïparallel 

hybrids and even complex hybrids [1]. Hybrids have also been categorised as micro-
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hybrids, mild hybrids and full hybrids, depending on their operating features and power 

levels [18, 19, 23]. 

A.  Series Hybrid Electric Vehicles 

Here an ICE drives a generator which charges the battery, and this in turn powers an 

electric motor which is directly connected to the wheels. Power can also be supplied 

directly to the motor through the ICE coupled to the generator. These types of vehicles 

usually require an inverter in order to charge the battery and drive the electric motor. 

Figure 2.5 illustrates the arrangement where the ICE is coupled to an alternator, which 

is connected to a converter to charge the battery and then to the motor controller and 

inverter in order to drive the electric motor. The motor is then connected directly to the 

wheels through transmissions and differentials [21, 23]. 

 

Figure  2.5. Series Hybrid EV [21]. 

B. Parallel Hybrid Electric Vehicles 

In this case, the ICE and the electric motor are both coupled directly to the wheels, 

where they provide mechanical power to drive the vehicle. The electric machine can 

also act as a generator to charge the battery. This system can offer cheap operating 

capability but it needs a more complex control system [21, 24]. Figure 2.6 shows this 

arrangement. 
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Figure  2.6. Parallel Hybrid EV [23]. 

C. Series/Parallel Hybrid Electric Vehicles 

The series/parallel hybrid system combines the advantages of both the series and the 

hybrid. It has the ability to switch between ICE and the electric motor to drive the 

wheels depending on the operating conditions in order to maximize efficiency [25]. 

Figure 2.7 shows the configuration of the system. 

 

Figure  2.7. Series/Parallel Hybrid EV[25]. 

D. Plug-In Hybrid Electric Vehicles 

Industrial, academic and government agencies consider plug-in HEVs (PHEVs) to 

be the most advanced form of HEV [26-29]. PHEVs use an external plug in order to 

charge the battery. This can be done overnight while the vehicle is in a garage. The 

batteries used in these vehicles store energy at high density when compared to the 

batteries used in regular HEVs. This allows PHEVs to run on electric power for 

longer [22, 30-33]. Figure 2.8 shows the configuration of parallel PHEVs. 



Chapter 2                                                                                                   An Overview of Electric Vehicles 

13 

 

Figure  2.8. Plug-In Parallel HEV Configuration  [21]. 

E. Crankshaft Mounted Integrated Starter/Generator (ISG) System-Based 

Hybrid Vehicles (Mild Hybrid) 

The vehicle in this system has the architecture of a parallel hybrid, in which the torque 

to the drive wheels can be provided by either the electric motor or the ICE separately or 

even by both at the same time. This is done here in such a way as to boost the ICE off 

when it is less efficient in situations such as starting, stopping, hill climbing and 

overtaking. The configuration of this system is as shown in Figure 2.9. 

Many companies are working on the development of these systems due to the fact they 

have many advantages. These include that they can start the engine in 200ms, and allow 

an automatic stop/start capability for the engine whenever the car is stationary with a 

high restart response from the throttle pedal. They also provide high torque that can be 

provided by the electric motor during acceleration and they have the ability for the 

electric motor to regenerate power to recharge the battery during braking [34-36]. 

There is also a side-mounted ISG system. This system uses a conventional generator 

that can also operate as a motor and provide torque to the drive wheels via a belt [21]. 
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Figure  2.9. Crankshaft Mounted ISG System Based Hybrid Vehicles [21]. 

2.2.2 Pure Electric Vehicles 

Pure EVs use one source of energy and are now becoming more prevalent. Companies 

such as Nissan, BMW and Tesla have commercially available systems. The Tesla has 

the best driving performance for a pure EV, achieving 0-60 mph in 3.2 seconds and a 

drive range of up to 312 miles [37]. Figure 2.10 shows the configuration of this system 

and Figure 2.11 shows a Pure EV that is made by Tesla (model X). 

 

Figure  2.10. Pure EV System [32]. 
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Figure  2.11. Pure EV Made by Tesla (model X) [32]. 

The pure EV operates at zero emission after it has been charged. However, there could 

be an indirect contribution to emissions with these pure EVs, which depends on the 

electricity source used to charge the battery. In addition, this can also be a zero emission 

source if renewable energy is used [38]. 

 Challenges Facing the Design of EVs 2.3

The main challenges that face electric vehicles are as follows [14, 39-42]: 

- Battery capability, size, lifetime and cost: Table 2.1 illustrates the low energy 

density of different batteries compared to that of fuel and hydrogen. Hence, in order 

for the battery to have a comparable level of energy storage to that of liquid fuels, 

the ratio of battery storage mass to full vehicle mass will be increased [43]. 

Table  2.1. Energy Density Comparison of Different Materials. 

Type Energy Density (MJ/Kg) 

Lithium-Ion Battery 0.8 

Nickel-Metal hydride Battery 0.288 

Lead-Aside Battery 0.17 

Hydrogen 60 

Diesel 48 

Gasoline 44.4 
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- EV charging stations: The limited driving range per charge for pure electric vehicles 

needs to be improved, especially considering the long charging time associated with 

them. Although Tesla motors has started to build new supercharge stations that are 

capable of delivering 120kW and are able to charge a battery up to half full in 20 

minutes, this is still considered to be too long. Also it is only available for one of 

Teslaôs models and only a limited number of these stations are available  

- Performance (torque density and efficiency), size and cost of the electric motor used 

to drive the vehicle. 

- The complexity of the power electronics associated with controlling the electric 

motor, especially with an in-wheel drive. 

- The cooling system: the battery and power electronics operate at temperatures of 70-

75
o
C, and hence it is essential to ensure an operating temperature within that range. 

- Software: An electric vehicle comes with the challenge of designing appropriate 

communicational software between different parts of its system [44]. 

 Electric Machines for Electric Vehicles 2.4

EVs have two different types of drive train: direct and geared. In the latter, the drive is 

connected to the wheel shaft through differentials, while in the direct type the motor is 

placed inside the wheel for a direct in-wheel drive. Each layout has its own advantages 

and disadvantages. 

An ICE uses a geared transmission to extend the torque speed characteristics, but that 

can be accomplished when using an electric motor since the vehicle torque speed curves 

can be achieved electronically and by the use of appropriate motor design 

characteristics. This on its own can show the great advantage of having fewer parts and 

less weight on board the vehicle as a result of the elimination of the gearbox and clutch 

systems [27, 28]. Modern EVs use electric motors that are linked to a fixed gear ratio 

box and designed in such a way that both the electric motor and fixed gear ratio box 

come in one assembly. 

The in-wheel motor design eliminates the differential. However, this type of in-wheel 

EV requires a complex control system in order to control the four motors in synchrony, 

especially in the case of faults occurring in one or more of the motors. It is also very 

costly when it comes to the implementation of more than one electric motor for one 
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vehicle, especially considering the complex control system required. In-wheel drives are 

designed to operate at high torques of more than 200 Nm and low speeds of less than 

1500 rpm, and Figure 2.12 shows an in-wheel drive train [45-53]. 

 

Figure  2.12.  In-Wheel Drive Train[53]. 

 Electric Motor Performance Requirements for EVs 2.5

Designing an electric motor for EVs requires knowledge of all the forces that act upon 

the vehicle [10, 37]. This will help in giving the correct motor ratings since the motor 

and the chosen traction have to overcome the weight of the vehicle, aerodynamic drag 

forces, rolling resistance and gradient. These four forces are briefly below: 

¶ The weight of the vehicle: it is very important that the vehicleôs weight is kept 

to a minimum. The battery packs in EVs add extra weight to the car and this 

needs to be compensated for by machine efficiency and using lighter materials 

when constructing the car body.  

Equation 2.1 below shows Newtonôs second law of motion, which can be used 

to determine the forces, Ὂȟ required to increase the speed of a vehicle of given 

mass over a given period of time: 

Ὂ Ὧά      2.1 

where Ὧ  is the compensating factor for the added inertia caused by the rotating 

components of the vehicle, ά  is the mass of the vehicle, ὺ is its velocity and 

 is its acceleration. 
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 Ὂ equals zero if the vehicle is not accelerating (  = 0 ). 

Using Ὂ above, Equation 2.2 can be determined as: 

Ὂ Ὂ Ὂ      2.2 

 Ὂ  is the traction force produced by the electric motor and the traction system, 

and Ὂ  is made up of the road forces and can be obtained by adding the 

following three forces to each other. 

¶ Aerodynamic drag forces: these represents the viscous resistance of the air 

when it is acting against the vehicleôs motion, and Equation 2.3 below shows 

how to calculate it: 

Ὂ ”ὺ ὺ ὅὃ     2.3 

where Ὂ  is the aerodynamic drag force, ” represents the air density in kg/ά , 

ὺ is the windôs velocity, ὅis the vehicleôs drag coefficient (between 0.2 and 

0.4) and ὃ is the front area of the vehicle [17, 54]. 

¶ Rolling resistance forces: rolling resistance occurs because of the vehicleôs 

contact with the surface and it is very important that it is accurately determined. 

Equation 2.4 below shows how to calculate the rolling resistance force Ὂ . 

Ὂ Ὢ ά Ὣ     2.4 

where Ὢ is the resistance coefficient for a rolling tyre, which changes with 

different speeds and surfaces and Ὣ is the acceleration constant due to gravity.  

¶ Gradient force: this is the force caused by the vehicle climbing up a hill and can 

be calculated as shown in Equation 2.5 below: 

Ὂ ά Ὣ ÓÉÎ‌     2.5 

where Ὂ is the gradient force, ά  is the mass of the vehicle, Ὣ the acceleration 

constant due to gravity and ‌ the angle between the road and level ground.   
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Using Equations 2.6 below, the torque required of the electric motor, Ὕ ȟ can 

be calculated where ὶ is the wheel radius  

Ὕ Ὂ ὶ     2.6 

The power required by the motor can also be calculated using equation 2.7 and 

2.8 where  ‫  is the angular velocity of the vehicle: 

ὖέύὩὶὝ ‫     2.7 

ὖέύὩὶὊ ὺ     2.8 

 Challenges of Electric Motors for EVs 2.6

When designing an electric motor for EV applications, some challenges have to be 

given careful consideration. The most significant challenges are the following 

requirements [17-21]: 

1. High power and torque density. 

2. A wide speed range is required at constant power, of the order of 3-4 times the 

base speed as can be seen in Figure 2.13. 

3. High starting torque. 

4. A high level of reliability. 

5. Robustness. 

6. Intermittent overload capability (for overtaking). 

7. Acceptable cost. 

8. Minimal torque ripple and audible noise. 

9. Controllability. 

10. High efficiency at all speed and torque ranges.  

11. Good voltage regulation needed over a wide range of speeds. 

Figure 2.13 also shows that the ideal torque and power-speed curves for a traction 

machine need to be considered carefully when designing a machine for EV application. 
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Figure  2.13. Ideal Torque and Power-Speed Curves [55]. 

The three operating regions illustrated in Figure 2.13 are, firstly the constant torque 

region (1) where maximum torque is applied. This is fixed to the current rating of the 

inverter, and it lasts until the point at which the rated torque starts to drop at the base 

speed point.  

At the base speed, the inverter voltage limit is met [17, 55]. The constant power region 

(2) then starts at that base speed point where the inverter voltage and current are limited. 

However, in order to allow the machine to increase its speed further, a field weakening 

region is employed through which the angle between the current and the back EMF is 

changed, for the purpose of introducing a negative d axis current. This creates a 

demagnetizing field in the armature reaction field at the air gap to weaken the field 

produced by the magnets and hence increases the constant power region. Note that by 

introducing a negative d axis current, the rated torque is reduced. 

The torque during field weakening will gradually drop at the same rate of the increase in 

speed for the purpose of keeping the maximum rated power of the machine constant. 

The machine phasor diagrams at base speed and during field weakening are shown in 

Figure 2.14 a) and b) respectively. 
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Figure  2.14. Phasor Diagrams at Base Speed and During Field Weakening. 

At the start of the reduced power region (3), the speed at that point is classed as the 

critical speed of the machine. The increase in the back electromotive force (EMF) 

decreases both the rated power and torque if the machine reaches speeds over that point. 

The torque drops by the square of speed in this region [17, 18, 20, 55].  
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 Drive Cycle 2.7

The driving cycle refered to here is the test driving cycle that is composed with 

standardized speed and road slope profiles. This is used in order to evaluate the 

pollution emissions and fuel economy of the ICE. 

This cycle can also be used for the comparison of HEVs with ICEVs in terms of 

dictating cost, fuel consumption and battery contribution to run distances. 

The New European Driving Cycle (NEDC) shown in Figure 2.15 represents the driving 

pattern of vehicles within the European region.  

 

Figure  2.15. The New European Driving Cycle [56]. 

It can be seen from the figure that the NEDC is made up of two regions. The first is 

made up of four repeatable cycles, which represent the low speed urban cycle with a 

maximum speed of 45 km/h, and the second section represents the highway driving 

cycle with a speed up to 120 km/h [56]. The NEDC was proposed in order to be used 

for testing vehicles for the measurment of emissions and performance [57]. The electric 

motor should be tested with the battery using this cycle in order to validate efficiency, 

speed, and battery consumption for EV use. 
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 Conclusion 2.8

The numbers of EVs developed has been increasing year by year because of their 

advantages when compared to ICE vehicles, such as the use of direct energy conversion, 

quieter operation, fuel flexibility, higher efficiency, lower energy consumption and 

reduced CO2 emissions. Careful consideration must be given to the design of an EV 

system. The system design must have a specific weight, volume, and power density, and 

critical requirements include high performance, rapid acceleration, good fuel economy, 

low cost and a transient response similar to that of ICEVs. There are various types of 

electric vehicles, and the HEV is currently the most popular type because it uses two 

different sources of energy by combining the ICE with an electric motor. This 

combination has been found to save energy and minimize pollution when compared to 

ICEVs because the ICE is designed to run in a narrow power band, and can achieve 

greater efficiency by using the Atkinson cycle. However, this mode of the Atkinson 

cycle is not suitable for transients (high power and high torque) which are handled by 

the electric motor. The pure EV is another type of electric vehicle that operates at zero 

emissions after its battery has been charged. Although pure EVs operate at zero 

emission, indirect emission effects may be involved depending on the source of energy 

used to charge the battery. The design of EVs is faced with challenges that must be 

taken into account, such as the capability, size, lifetime and cost of its battery, safety 

features, the availability of charging stations, the performance of the electric motor, the 

cooling system and the software used to communicate between the different part of the 

system. EVs can use a drive train that is direct or geared, where the former is sited 

inside the wheel and the geared type is connected to the wheelôs shaft through 

differentials. Although in-wheel drive trains eliminate the use of differentials, they 

require complex control systems. The weight of the vehicle, aerodynamic drag forces, 

rolling resistance forces and gradient forces should be determined in order to give the 

ratings of the motor required. Also various other challenges should be taken into 

consideration when designing electric motors for EVs, such as the demand for high 

power, high torque density, a wide speed range, high starting torque, reliability, 

robustness, overload capability, cost, minimal torque ripple, controllability, high 

efficiency and good voltage regulation. A drive cycle is shown to represent the driving 

pattern of vehicles within the European regions which is used when testing vehicles for 

emissions. The electric motor should also be tested using this cycle in order to validate 

its performance.   
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The following chapter highlights different topologies for EVs along with a finite 

element (FE) comparison between the most commonly used types. Some of the 

principles involved in the design of a permanent magnet (PM) machine are also shown 

and discussed. 
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 Electrical Machine Topologies for EVs Chapter 3. 

A survey of existing EVs has been presented in Chapter 2.  The aim of this thesis is to 

describe research conducted in designing a high torque density electrical machine for 

EVs, and hence the different topologies of electric motors used for EVs are discussed in 

this chapter. This includes the advantages and disadvantages of each type, and a 

comparison of the different types using FE analysis is discussed. 
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 Introduction  3.1

Among all of the different types of electric drives that are available, there are four major 

types which are viable for EV applications. They are [24]: 

1. DC machines. 

2. Induction Machines (IM). 

3. Switch Reluctance Machines (SRMs) and Synchronous Reluctance Machines 

(SyncRMs). 

4. Permanent Magnet Machines (PMMs). 

The topology of each of the machines mentioned above is as shown in Figure 3.1. 

     

Figure  3.1. (a) DC Drive, (b) Induction Machine, (c) Switch Reluctance Machine and (d) 

PM Machine [24]. 

It is also possible to divide EV drive types into two main groups: brushed drives and 

brushless drives. These can themselves be further classified into subgroups as shown in 

Figure 3.2. 
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Figure  3.2. Classifications of the EV Drives [24]. 

A wide range of these machines are used by various manufacturers of EVs and HEVs. 

Modern vehicles tend to use either a PM machine or an IM due to their high operating 

efficiency and reasonable cost. DC drives were favoured when electric vehicles were 

introduced in 1900 due to their simple control and efficiency, but due to their low 

reliability they are not favoured in the current market. More research has been carried 

out recently in order to improve the operation of SRMs and to minimise their cost [58]. 

Different topologies have been proposed and these are described later in this chapter. 

Table 3.1 shows the different drives used in previous and latest EVs and HEVs by 

leading manufacturers, including sports vehicles, suburban utility vehicles (SUVs), and 

sedans. 

Table  3.1. Drives Used by Different Manufactures Until Present [18, 24]. 

EV models 
EV motors Country Electric 

Range 

Battery 

Size 

Charging 

rate 

Body 

Type 

Toyota Prius  

 

PM  

machine 

Japan 11 

miles 

4.4kWh 3.3kW Sedan 

Ford focus Electric 

 

Induction 

motor 

United 

States of 

America 

76 

miles 
23 

kWh 

6.6 kW Sedan 

http://en.wikipedia.org/wiki/File:2012_Ford_Focus_Electric_2011_LA_Auto_Show.jpg
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Tesla Roadster 

 

Induction 

motor 

United 

States of 

America 

244 

miles 

53kWh 16.8kW Coupe 

Nissan Leaf 

 

PM  

machine 

Japan 84 

miles 

24 kWh 6.6kW Sedan 

Mitsubisii-MiEV 

 

PM  

machine 

Japan 62 

miles 

16 kWh 3.3 kW Sedan 

BMW i3

 

Hybrid 

Synchrono

us Motor 

Germany 100 

miles 

22 kWh 6.6 kW Sedan 

BMW i8 

 

Hybrid 

Synchrono

us Motor 

Germany 22 

miles  

7.2 

kWh 

3.3 KW Coupe 

http://en.wikipedia.org/wiki/File:Roadster_2.5_windmills_trimmed.jpg
http://en.wikipedia.org/wiki/File:2011_Nissan_Leaf_SL_--_10-28-2011.jpg
http://en.wikipedia.org/wiki/File:Mitsubishi_i-MiEV.jpg
http://www.plugincars.com/bmw-i3.html
http://www.plugincars.com/bmw-vision
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Cadillac ELR 

 

Induction 

motor 

United 

States of 

America 

35 

miles  

16 kWh 3.3 KW Coupe 

Mercedes B-Class  

 

Induction 

motor 

Germany 85 

miles 

28 kWh 10.0 KW Sedan 

Porsche Panamera S E-Hybrid 

 

Induction 

motor 

Germany 22 

miles   

9.4 

kWh 

3.3 KW SUV 

Tesla Model X 

 

Induction 

motor 

United 

States of 

America 

210 

Miles 

or 

270 

miles 

60 kWh 

or 

85 kWh 

 

10.0 KW 

or 

20.0 KW 

SUV 

Volkswagen E-Golf 

 

Induction 

motor 

Germany 85 

miles 

24KWh 7.2KW Sedan 

Hyundai Kia Soul EV 

 

PM 

machine 

South 

Korea 

90 

miles 

27kWh 6.6kW Sedan 

http://www.plugincars.com/mercedes-b-class-e-cell
http://www.plugincars.com/mercedes-b-class-e-cell
http://www.plugincars.com/porsche-panamera-s-e-hybrid
http://www.plugincars.com/tesla-model-x
http://www.plugincars.com/volkswagen-electric-e-golf-blue-e-motion
http://www.plugincars.com/kia-soul-ev
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Range Rover Defender EV 

 

Switch 

Reluctance 

machine 

UK 50 

miles 

27kWh 606kW SUV 

Looking at Table 2.1 above, it can be seen that IMs were mostly used by US and 

European manufactures due to their desire to not use PM materials that are mainly 

controlled by the eastern world considering its availability and cost. 

 DC Drives 3.2

DC drives have been used for EVs and trains because of their simple control. However, 

they are less reliable because of brush and commutator wear and they have low 

efficiency. They were used in electric vehicle applications in the early 1980s, but are not 

used in modern vehicles. 

 Induction Machines 3.3

Induction machines (IMs) found in many EVs and HEVs because of their low cost, 

reliability, relatively maintenance-free status and reliable efficiency in the constant 

power region [55, 59]. However, they suffer from the following disadvantages: 

¶ Low torque density, and hence they are preferable in high speed and low torque 

applications. 

¶ Low efficiency at the low speed region. 

¶ A vector control needs to be implemented in IMs in order to achieve the desired 

performance due to their variable frequency and voltage. The desired 

performance cannot be provided by conventional control because of the 

nonlinearities of the IM dynamic model [24]. 

IMs are undergoing continuous development in order to improve their performance [60, 

61], and the following developments are of particular importance: 
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¶ A new strategy of efficiency-optimizing-control has been developed for IMs to 

be used in EVs, reducing the energy consumed and increasing levels of 

regenerative energy leading to the extension of the driving range of the vehicle 

[28]. 

¶ A new design incorporating an electrically pole-changing scheme has been 

developed for EV IMs. This extends the constant-power operating region to 

over four to five times the base speed [62]. 

 Switched Reluctance Machines 3.4

SRMs have been accepted for use in EVs because of the following advantages: 

¶ Their fault tolerance is very high due to their nature of energizing one phase at 

any given time. 

¶ The rotor construction is robust, containing only iron with no magnet or copper. 

¶ The cost is low due to its simple construction with only the need for iron and 

copper. 

¶ The torque speed characteristics are suitable for an EV. 

The main disadvantages of SRMs in comparison to other machines are lower torque 

density and that they exhibit high acoustic noise and vibrations which are caused by the 

machine high torque ripple.  

SRMs are also faced by other challenges such as: the manufacturing difficulty due to 

the small air gap required and the requirement of a larger inverter for the controlling 

strategy due to the low resulted power factor which can increase the cost of the system 

as a whole [24, 63]. They also suffer from high iron loss at high speeds. 

New design strategies have been introduced for EV SRMs and some examples of these 

are as follows: 

¶ A mode of fuzzy sliding control has been developed for this type of drive in 

order to handle the machine nonlinearities and to minimize its control chattering 

[64].  

¶ A phase advancing excitation technique has also been developed in the constant-

power region in order to extend the base speed up to seven times [65, 66]. 
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¶ A new concept has been developed to reduce acoustic noise by using a vibration 

cancellation technique that induces an antiphase vibration to cancel a specified 

vibration [67]. 

¶ An SRM with a segmental rotor topology has been demonstrated to produce 

more torque than that of the conventional configuration because more flux can 

be linked by each coil, as discussed by Widmer et al. [58] and this configuration 

is shown in Figure 3.3. 

 

Figure  3.3. Segmental Rotor SRM [58]. 

Typical SRMs with one phase leg of an inverter are shown in Figure 3.4. 

 

Figure  3.4. Three-Phase, 6/4 SRM. (b) Four-Phase, 8/6 SRM. (c) One-Phase Leg of 

Inverter [55]. 
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Also, an example of an SRM which was developed for a HEV application is shown in 

Figure 3.5. 

 

Figure  3.5. SRM with Integrated Flywheel and Clutch For HEVs: (a) the Machineôs 

Schematic, (b) the Rotor/Stator Without Windings; and (c) the Assembled Unit [68]. 

 Permanent Magnet Machines 3.5

PM machines are attractive in all types of EVs because of their high efficiency when 

compared to other types of machines, high torque density and high reliability. However, 

their cost is relatively high due to the price volatility of the material used. PM brushless 

drives have two types according to the operating current required and no-load EMF 

waveforms [33]. One is the PM sine wave machine that has sinusoidal back EMFs and 

armature current, which is known as the PM synchronous machine (PMSM). The other 

is the brushless DC machine that has trapezoidal back EMFs and current pulses. These 

two types of PM drive have much in common in practice. Figure 3.6 shows the 

schematic representation of a PM drive.  
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Figure  3.6. Schematic Representation of the PM drives. 

The PM machine torque output is limited by the current rating of the machine and 

converter, while the speed is limited by the voltage limit of the power converter. The 

voltage can be controlled in order to obtain the desired current, but as soon as the 

machine reaches its base speed the voltage reaches its limit. Hence, to increase the 

speed further, field weakening is used. 

Researchers are trying to develop improved PM machine designs to overcome these 

challenges, and more importantly, to improve power and torque density. The prevalent 

structures applicable for EVs are: 

¶ The Radial Flux Machine (RFM), with magnets on the rotor and/or stator 

¶ The Axial Flux Machine (AFM) 

¶ The Transverse Flux Machine (TFM) 

3.5.1 The Radial Flux Machine (with Magnets on the Rotor) 

The RFM with magnets on the rotor is the most common topology of PM machines. A 

variety of magnet placements are possible which are broadly split into surface-mounted 

and buried. 

The surface mounted rotor is the most commonly used in industry due to its simplicity. 

However, this type of machine has a low armature reaction field and a low phase 

inductance, where the magnetic gap is the combination of the physical air gap plus the 

magnetôs thickness since its permeability is similar to that of air. Also, the magnets are 

directly exposed to the armature reaction field, which can cause some partial 

demagnetization. The d and q axis inductances are equal and hence there is no 

Position 
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additional reluctance torque. Inductance can be increased by means of a closed slot 

design. It is also important to note that surface-mounted PMs used in high-speed 

applications need a sleeve to retain the magnets under high centrifugal force. 

Interior PM Machines have the advantage of non-equal d and q axis inductances and 

additional reluctance torque. The magnets are also shielded from the effect of the 

armature reaction field. This type of machine can introduce higher power output for the 

same magnet mass as a surface PM machine. It is most suitable for high-speed 

applications where the magnets are well retained. Furthermore, due to the high level and 

variation of the d and q axis inductances, this machine has a high level of suitability to 

extend its speed range beyond its base speed in the constant power region due to its flux 

weakening capability [69].  

Figure 3.7 shows the alternative RFM topologies with magnets on the rotor with both 

surface placed PMs as seen in (a) and a general structure of interior placed PMs as 

shown in (b), (c) and (d) [55, 70, 71]. 

 

Figure  3.7. (a) Magnets on Rotor, (b, c and d) Magnets Inside the Rotor [55]. 
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3.5.2 The Radial Flux Machine (Magnets on Stator) 

These types of machines have PMs on the stator [72-78] [79], where the rotor has to be 

of a salient geometry. This can be very similar to SRMs, where both the latter and 

RFMs with magnets on the stator are very robust, simple and suitable for high-speed 

applications. In addition, placing the magnets in the stator has an advantage over 

placing them in the rotor, especially when it comes to the cooling system, as the 

magnets can be easily cooled through the stator core back. These machines can have 

three different topology arrangements regarding the placement of the magnets: 

¶ Doubly Salient PM Machines (DSPMMs) with the magnets placed in the stator back 

iron as shown in Figure 3.8 (a). In this topology a magnet is required for every three 

teeth for a three phase machine while for every four teeth for a four phase machine. 

This topology is suitable for BLDC operation because the flux linkage variation 

with each coil is unipolar and the back EMF waveform is trapezoidal. However, a 

more sinusoidal back EMF can be achieved by skewing the rotor to make it more 

appropriate for a BLAC operation. The torque density of this topology is relatively 

poor in comparison to other conventional PM machines because of the unipolar flux 

linkage. 

¶ Flux Reversal PM Machines (FRPMMs) with the magnets placed on the inner 

surface of the stator iron as shown in Figure 3.8 (b). In this topology two magnets of 

opposite polarity are mounted at each tooth surface so when the coil is excited, the 

field under one magnet is reduced while under the second magnet is increased and 

hence, this causes the salient rotor to rotate toward the stronger magnetic field and 

for the rotor to continue its rotation, the flux linkage in the coil reverses direction. 

This topology exhibits a low winding inductance because the flux linkage variation 

is bipolar while the back EMF waveform is trapezoidal. The magnet in this topology 

is vulnerable to irreversible demagnetization because of its location. In addition, the 

torque density is compromised here because the air gap flux density is limited by the 

magnets. 

¶ Flux Switching PM Machines (FSPMMs) with circumferentially magnetised 

magnets sandwiched between a U shaped lamination segments in the stator as 

shown in Figure 3.8 (c). The magnetisation direction of the magnets is reversed 

from one magnet to the next. In addition, the armature reaction field on the magnet 

working point is minimal in this topology because of the magnet location. This 
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machine benefits from high torque density because of its increased electric loading. 

This topology is appropriate for a BLDC operation because of its sinusoidal back-

EMF waveform. 

 

Figure  3.8. (a) Doubly Salient PM Machine (b) Flux-Reversal PM Machine (c) Flux 

Switching PM Machine [55]. 
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3.5.3 Axial Field Machine (AFM) 

AFMs have an air gap that allows the air gap flux to travel axially, and they may 

comprise of three different arrangements. These are a single stator and single rotor, a 

double-sided stator and a single rotor, or a double rotor and a single stator. All 

arrangements are on an axial stack [80-84]. A large axial force exists in all three 

arrangements. These types of machines can use either slotted or slotless stators, but due 

to manufacturing difficulties the slotless option is more commonly used in this type of 

machine.  

AFMs have a high torque density, a slotless stator and a small cogging force. The main 

disadvantages are that they are expensive and that the winding inductance is small for 

the large effective air gap, which limits the constant power speed range [18, 85]. 

Figure 3.9 shows an example of (a) a double stator single rotor AFM and (b) a double 

rotor single stator AFM. 

 

Figure  3.9. (a) Double Stator Single Rotor AFM, (b) Double Rotor Single Stator AFM. 

[83]. 

Figure 3.10 shows a novel design of an AFM that was published by Ho et al. [84], 

which was designed for in-wheel applications for EVs. In this figure, (a) shows the 

machine when assembled; while (b) shows a disassembled view. In this proposed design 

the machine must have an equal pole pair for both rotor and stator. The authors claim 
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that this novel design achieves higher torque density than RFMs at low speed and that it 

is simpler to manufacture. 

 

Figure  3.10. (a) Assembled View, (b) Disassembled View [84]. 
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3.5.4 The Transverse Flux Machine (TFM) 

TFMs [86-89] are known for their large pole numbers and for having structures that 

allow three dimensional flux paths across their sections, as shown in Figure 3.11. Also, 

due to their structure, the poles in these types interact with the total armature reaction 

flux of each phase. This enables a significant increase in the electric loading of the 

machine and hence allows a high torque density to be achieved [90-92]. Due to the large 

number of poles, these types of machine suffer from a large amount of leakage fluxes 

that contribute to the total losses of the machines. Furthermore a high winding 

inductance is present in this type of topology along with a low power factor [93, 94]. 

The low power factor is a significant disadvantage as it overrates the VA of the inverter 

and the large pole number requires a high operating frequency that has the effect of 

limiting the machinesô speed ranges. 

 

Figure  3.11. Two Pole Section of a Single Phase of TFM and an Axial View of a the Stator 

[88]. 

Comparisons between RFM, AFM and TFM have been published in three reviews [95-

97]. All favour the RFM for best performance. TFMs have been shown to have a poor 

power factor, which limits their use to low speed applications. 
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 FE Analysis Comparison Between a PM Machine Used in an Existing HEV 3.6

and Other Investigated Alternatives. 

In this section, a performance comparison of an interior PM machine, an IM and an 

SRM is carried out. The interior PM machine analysed is that of the Toyota Prius 

HEVs, whereas both the IM and SRM were optimized and developed to maximize 

torque output electromagnetically using 2D FE analysis solutions to investigate 

alternative drives for EVs. For the purpose of this thesis, the power electronic drives of 

all three machines are not discussed. However, it is important to note that all three 

machines use three phase windings in order to be comparable. Half of a cross-section of 

each of the three machine topologies is shown in Figure 3.12, where (a) shows an 8 

poles PM machine that is used in the Prius HEV [98, 99], (b) shows an 8 pole IM that 

was validated for comparison in two studies [100, 101] and (c) shows an 18 /12 stator to 

rotor poles SRM discussed and validated for comparison in a further study [102].  

  

Figure  3.12. Half Cross-Section of (a) PM Machine, (b) SRM and (c) IM [100, 102]. 
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Table 2.1 addresses the geometry and dimensions of the three machines and, in order to 

be comparable; all three share the same outer stator diameter, rotor inner diameter and 

axial length. However, they vary in the rotor outer diameter in order to meet the 

specifications. The SRM can be seen to have the lowest total weight because no rotor 

magnet exists, as in the PM machine and there is no rotor copper winding as in the IM. 

The efficiency varies between the three topologies with the PM machine achieving the 

highest efficiency. In addition, a cost comparison is shown in the table with the PM 

machine being the most expensive while the SRM is being the cheapest. This is due to 

the cost of the permanent magnet. 

Table  3.2. Parameter Comparison of PM Machine, SRM and IM [101, 102]. 

Parameter PM SRM IM 

Outer Stator Diameter (mm) 269 269 269 

Inner Rotor Diameter (mm) 111 111 111 

Outer Rotor Diameter (mm) 160.5 170 180 

Air Gap Length (mm) 0.73 0.3 1.5 

Axial  Length (mm) 84 84 84 

Stator Core Weight (Kg)  18.65 14.11 11.86 

Stator Copper Weight (Kg) 5.99 7.44 10.57 

Rotor Copper Weight (Kg) - - 7.67 

Rotor Core Weight (Kg) 5.22 5.16 6.15 

Magnets Weight (Kg) 1.3 - - 

Total Weight (Kg) 31.6 26.7 36.25 

Efficiency (%) 
1500rpm (Base) 91 83 85 

6000rpm (Max) 96 95 88 

Cost (£) 242 74 143 

All three machines are designed for speeds ranging from 1500 rpm to 6000 rpm, and 

hence Figure 3.13 presents a performance comparison of the three machines at 1500 

rpm and 6000 rpm while at maximum power. 
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Figure  3.13. Performance Comparison at 1500 rpm and 6000 rpm at Maximum Power 

[102]. 

Figure 3.13 illustrates that the PM machine has the highest torque output, highest 

efficiency and lowest current density at 1500 rpm. However, the PM machine has less 

torque than the other two machines at 6000 rpm. This is because the torque drops in the 
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constant power region while increasing the speed. Also from the figures above, copper 

loss is shown to be the dominant type of loss in all of the machines at low speed 

because of the high current density applied. However, at high speed the iron loss is 

shown to be dominant, and this is because of the increased frequency at high speeds. 

The induction machine has very high copper loss, because it has copper winding in both 

the stator and rotor. The SRM, on the other hand, suffers from high iron loss due to the 

increased frequency of the flux. Although the SRM has the highest torque density 

achieved, it is not favoured in EVs because of the disadvantages mentioned in the 

previous sections. The PM machine, on the other hand, has been demonstrated to be a 

very strong candidate for EVs, considering the discussion in previous sections and 

based on the comparison and analysis in this section. The PM machine was thus chosen 

for the novel design topology explored in this thesis. 

 Principle of PM Machine Design. 3.7

Due to the high torque density and high efficiency of PM machines they have 

dominated large sectors of the variable speed drive market for the past two decades. PM 

machines are very important in the current and future market as they are favoured in 

aerospace, automotive and domestic applications, as well as in some of the largest 

machines available worldwide, such as direct drive wind turbines and large ships 

propulsion systems [103-106].  

When a PM machine is designed, there are a number of optimisations that must be 

carried out within a series of constraints. The general constraints of any machine are: 

1. The dimensions of the machine, such as the outer diameter and length of the 

machine. These are mostly dependant on the space envelope allowed by the 

specific application the machine is designed for.  

2. The torque output that is required from the designed machine.  

3. The range of speed that the machine is required to operate at. 

4. The efficiency of the machine, the total machine losses and the resulting heat 

generated in the machine. 

5. The voltage required, this specifies DC link rating and the ratings of the 

semiconductors required in the inverter. 

6. The current rating of the machine in order to size the inverter devices and to 
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choose the best cooling method.  

While the design constraints can be specified as follows:  

1. Magnetic  

2. Electrical  

3. Thermal  

4. Mechanical 

And the general optimisation variables are: 

1. The cost of the designed machine. 

2. The performance of the designed machine to be increased to a maximum for the 

same cost. 

3. The mass of the designed machine should be minimised for the same 

performance.  

4. Inertia. 

5. Reliability. 

6. Ease of construction. 

The design of machines for automotive applications has general requirements as shown 

in Chapter Two of this thesis, in addition to those requirements the following should 

also be considered: 

1. It is important to choose the appropriate slot to pole combination. 

2. Specifying the dimensions of the machine and the winding arrangements to 

achieve a specific power at the specified base speed for a known volume.  

3. Evaluating the machine performance over the rated speed (óOverspeedô). 

Some of the theoretical and mathematical explanations involved in the principle of PM 

machine design are discussed in details in Appendix A for things such as magnetic 

loading, electrical loadings, winding arrangements, air gap depth, magnet thickness, 

tooth span, slot width, slot depth and coreback depth.  
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3.7.1 Torque Density 

The torque (T) produced by any type of machine is mostly dependant on the type and 

size of the machine and its electrical and magnetic loading capabilities. The product of 

the flux density (ὄ), length of the conductor (ὰ) carrying a current (Ὥ) is a well known 

method to calculate the produced force. Also by multiplying the produced force in the 

equation above by the mean air gap radius (ὶ), then integrate the results around the 

machine the torque generated can be found as shown in the following equation. 

Ὕ ὄὭὰὶ      3.1 

However, some of the more unusual topologies canôt be defined using the above 

equation, hence another fundamental formula should be considered. The torque 

produced by any machine can be given by the rate of change of co energy with respect 

to position as can be seen in the following equation. 

Ὕ Ὥ Ὥὔ
ᶮ

 
                                                      3.2 

Change in the equation above indicates that the torque can be found using the product of 

the electric current Ὥ and the rate of change of the flux linkage per phase Ὠ‪ with 

respect to angular displacement Ὠni sa ,noitamixorppa na si evoba noitauqe ehT .‮ 

reality it is only true in a wholly linear model. However, it is sufficient to illustrate the 

principles of torque production. Throughout this thesis theoretical torques will be 

evaluated using 2D FE simulation results. The torque equation used in any machine 

with saliency is: 

Ὕ  ὴ ‪ Ὅ ὒ ὒ ὍὍ                                3.3 

T, is the torque output,  ὴ the pole pair number, ‪ the flux linkage due to the PMs and 

Iq, Id, Lq, Ld are the currents and inductances in the direct and quadrature axis. The 

equation above is used to show both the excitation and reluctance torques. In order to 

maximise the torque production the flux linkage has to be increased and the leakage flux 

reduced. This can be achieved by having flux barriers and interpole magnets as shown 

by four different topologies, where both flux barriers and interpole magnets are 

employed in Figure 3.14. Another way of increasing the flux linkage is by using a flux 

focusing technique [107]. 
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Figure  3.14. Some Examples of Ways to Reduce Leakage Flux by either Introducing 

Airspace Flux Barriers or by Using an Interpole Magnets [55]. 

 

The torque equation above can be seen as two expressions. The first expression 

represents magnetic torque generated from the magnet and current interaction, whilst 

the second expression represents the reluctance torque. This reluctance torque is driven 

from the difference in direct and quadratic axis inductances. Therefore, it can be evident 

from this latter expression that the torque will be increased by increasing the difference 

parameter ὒ ὒ  between the inductances in both direct and quadratic axis where 

the capacity limit in the inverter is ignored. Increasing the difference between 

inductances in both direct and quadratic axis is referred to as improving the saliency 

ratio of the machine [108, 109] and Figure 3.15 shows some examples of topologies that 

improve the machineôs saliency ratio. 
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Figure  3.15. Some Examples of Ways to Increase the Saliency Ratio [55]. 

3.7.2 Efficiency and Machine Loss 

As the level of efficiency of an electrical machine varies with the power rating and the 

operating load conditions, some other approaches can be applied to affect the efficiency 

of a motor. One approach is to target certain kinds of machines as some are generally 

more efficient than others [110]. Another approach to improve efficiency is by choosing 

a low loss material [111-113]. A third approach is by choosing a high efficiency 

configuration, as different configurations even of one type of a machine, affect the level 

of efficiency that can be achieved [112, 114]. For a machine with configuration 

constrains, optimising the machine dimensions for high efficiency can be also a valid 

approach for increasing efficiency [115-117]. 
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Losses in an electrical machine can be categorised as: 

¶ The copper loss in the form of )2  loss in the winding resulting from the current 

carrying conductor, along with the skin and proximity loss in the slot. 

¶ The iron loss which is caused by the changes in the magnetic flux in the 

lamination at a specific frequency. 

¶ The magnet losses in the form of eddy currents. 

¶ Bearing losses within the machine represented as a friction loss and windage 

loss in the surface of the rotor.  

Reducing the losses is a big challenge but itôs important to minimise them to avoid any 

unnecessary temperature rises in the machine. 

When the machine is operating at low speeds at rated current, the copper loss is the 

dominant loss at this operating point.  

Heat is naturally removed by conduction, convention and radiation. However if the 

losses are particularly high the machine may need to be force cooled. Improving the 

cooling system can increase the machine loading and hence performance, forced cooling 

can be achieved by blowing air through a fan to remove heat from the outer surface of 

the machine. A case with a large surface area can be used to remove the heat. Forced 

water or oil cooling by either spraying or using a jacket to remove any unwanted excess 

heat can be used where losses are particularly high, and are very popular in automotive 

applications and a radiator to remove heat already exists in current combustion engines.  
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 Conclusion: 3.8

EVs require electrical machines with high efficiency and torque density and, because of 

the various machine types that can be used for EVs, the availability, advantages and 

disadvantages of each type have been shown and discussed in this chapter. Although 

DC motors have been used in EVs because of their simple control, they are not favoured 

nowadays because they are less reliable considering their levels of brush and 

commutator wear and have their low efficiency. Also, despite their low torque density, 

low efficiency at low speeds and need for vector control, IMs are widely used in EVs 

and HEVs because of their reliability and low cost. In addition, despite the low cost, 

high-tolerance operation and torque speed characteristics of SRMs that are ideal for 

EVs, their noise and manufacturing difficulties considering the small air gap required 

make them less favoured to be used in EVs. PM machines, on the other hand, have been 

favoured by various manufactures despite the high cost of materials because of their 

high power density, reliability and high efficiency. The availability of PM materials also 

plays a role when considering the choice of an electric machine for an EV, with USA 

and European manufacturers using IMs due to the cost associated with PM materials 

while Eastern manufacturers use PM machines due to the PM material availability in 

their region. A PM machine has been chosen for the novel design in this thesis because 

of its high torque density. Although there are different ways of calculating torque, they 

are mostly approximations; hence they will be used as an indication here, while MagNet 

software simulations will be used throughout this thesis to indicate the torque output. 

The dimensions of the PM machine design chosen for the purpose of this thesis should 

then be optimised using various numerical solutions using computing software such as 

MagNet. Below is a list of the main design aspects of the electric machine which can be 

optimised for applications such as EVs.  

¶ Number of poles.  

¶ Number of stator and rotor slots. 

¶ The shape of the stator and rotor slots. 

¶ Winding disposition. 

¶ Dimensioning the machine. 

¶ Designing the winding to achieve specified power. 

¶ Simulating the machine performance over the full operating speed range. 

¶ Magnet placement and saturation limits. 
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¶ The type of material used. 

¶ Appropriate cooling method. 

In the next chapter the theoretical and mathematical logic behind a novel split tooth PM 

(STPM) machine design is explained.  
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 Introducing the Split Tooth Permanent Magnet Machine Chapter 4. 

This chapter describes a method of deriving a greater torque per unit volume from a PM 

machine. The method involves splitting the stator teeth in order to introduce a magnetic 

gear ratio into the torque equation. The theory behind the design of the new split tooth 

PM machine (STPM) will be described. An initial design of the topology is developed 

using 2D FE methods and compared to a conventional brushless PM machine of the 

same dimensions.  
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   Introduction:  4.1

Equation 4.1 states the product of the magnetic and electric loading specifies the torque 

output of a conventional machine. 

Ὕᶿὃ ὄ “ὶὰ     4.1 

Where Ὕis the torque output, ὃ is the electric loading, ὄ is the magnetic loading and 

“ὶὰ is the volume of the machine (where r is the rotor outer radius and ὰ is the axial 

length of the machine) 

The saturation levels in iron of the machineôs magnetic circuit limit the magnetic 

loading while the electric loading is limited by the machineôs maximum permissible 

temperature at a given rated current. These limits can be significantly affected by the 

number of poles, apart from some secondary effects such as the core back depth and end 

windings. In order to increase the torque output for a given space envelope while 

considering the above limits, a departure from a conventional configuration is required. 

When a high speed PM brushless machine and a speed reduction magnetic gear are 

combined within a highly integrated magnetic circuit, a high torque capability can be 

achieved. This can be combined with a low density loss as has been illustrated in [118], 

where a new topology of a PM machine has been built and tested for a high torque, low 

speed application. A cross section and different parts of this machine is shown in Figure 

4.1 and Figure 4.2 respectively, it is made of two rotors rotating at different speeds. 

Despies the torque achived by this topology, it suffers from under sized gear, under 

utili sed stator and long flux paths. 
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Figure  4.1. Cross Section of a High Torque Density PM Machine with Two Rotors 

[118]. 

 

Figure  4.2. Parts of a High Torque Density PM Machine with Two Rotors [118]. 

In [119] an equivalent permanent magnet stepper motor design has been developed 

within the frame of a more conventional machine configuration of axial current and 

radial magnetic flux. It is compared in detail regarding the achieved torques to a more 

conventional permanent magnet machine configuration of the same dimensions and 

found to achieve higher torque density. 

The concept behind the new design proposed in this thesis is that by splitting the stator 

teeth a higher torque output can be achieved. The new design is fully described 

theoretically and mathematically in this chapter. Two STPM machines have been 

designed, the second being a modified version of the first. The earlier is described in 

this chapter while the latter is described in the following chapter and both of them are 

compared in detail to a conventional brushless PM machines. 
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   Design Concept 4.2

Consider a machine with no saliency, a magnetic field generated by the rotor, which 

generates a flux linkage per pole, • , and a stator winding that has NP turns and carries 

an instantaneous current Ὥ.  The instantaneous power input P to the stator winding of 

the machine can be found as follows: 

      4.2 

This is also equal to the following:  

     4.3 

Where  corresponds to the rate change of energy stored in the magnetic field, 

whilst the term  relates to the power input required to generate torque. 

Hence the torque, TP, produced per phase can be calculated as follows:  

      4.5 

Ὕ 

ὲέ έὪίὸὥὸέὶ
 ύὭὲὨὭὲὫί 
ὴὩὶ ὴὬὥίὩ

 ὢ

ὴὬὥίὩ ύὭὲὨὭὲὫ
 ὓὓὊ ὴὩὶ 
ὴέὰὩ

 ὢ

ὶὥὸὩ έὪὧὬὥὲὫὩ έὪάόὸόὥὰ Ὢὰόὼ 
ὴὩὶ ὴέὰὩ ύὭὸὬ

 ὶὩὰὥὸὭέὲ ὸέ ὴέίὭὸὭέὲ
 

  

From the equation above the following points can be observed: 

¶ For a given slot area, conductor current density and therefore MMF, the torque 

per phase can be seen as independent of the number of turns as by reducing the 

number of turns the conductor size can be increased, hence larger current can be 

applied to maintain the same MMF. 

¶ The torque can also be seen as independent of the number of phases, as the total 

MMF must drop when the number of phases increases. 

¶ The number of poles does not affect the torque, as for a given magnetic loading 
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any decrease in pole pitch is accompanied by an equal reduction in the flux 

linking the coil (rate of change of flux is unchanged). 

The concept behind the new design is to increase the total torque for a given electrical 

loading and magnetic loading.  A way to increase the rate of change of the mutual flux 

with respect to position without reducing the stator phase winding MMF is required.  

Increasing the rate of change can be achieved if the number of rotor poles of the same 

polarity can be linked by a specific stator winding MMF hence, the rate of change of the 

mutual flux will increase with respect to position. This is due to the smaller pole arc, 

whilst the total peak flux resulting from the high pole number and linking the winding is 

maintained. 

This decoupling between pole number and stator winding MMF has been achieved by 

Hoffman and Landrath by applying a configuration with circumferential stator currents 

[120, 121]. A TFM design of circumferentially oriented magnets on a ring rotor in a 

flux concentrating type of configuration has been their preferred design. Optimum 

torques have been produced by having the rotor in a ring type construction with two 

parts of the stator, one inside the rotor and one outside. This design offers the potential 

to increase the torque output. However, it unavoidably suffers from some mechanical 

and electrical problems. The three dimensional nature of this machineôs flux path within 

the core of the stator is one of the major electrical problems as the eddy currents against 

the effective lamination direction is found to be unavoidable. This topology can be seen 

in Figure 4.3. 

 

Figure  4.3. TFM Geometry With Flux Concentrated Magnets [120, 121]. 

An investigation into whether this can be implemented using a conventional machine 
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topology where the current can be employed in an axial direction and the flux in a 

radial/circumferential direction will be conducted. 

The basic principle involved in the new design of the STPM machine has been 

illustrated in Figure 4.4 below, where a single stator coil is enclosed by an iron path that 

is common to three rotor poles identified as a, b, c, d and e, it can be seen that as the 

rotor moves through a full pole pitch, the mutual flux linking the stator windings will 

change from a maximum in one direction to a maximum in the other direction. So 

looking closely at the example, itôs clear that for a given flux per pole, the rate of flux 

change is increased by a factor of five; this is known as the magnetic gearing ratio [122-

127], which is five in this case. However only three poles are actually being utilised, 

which leads to a reduced magnetic loading of 3/5, that will result in a net multiplication 

factor of three that is produced in the resulting torque per unit volume. 

The basis of operation is essentially dependent upon the saliency of the stator iron path, 

by looking at the example it can be seen that a part from the three aligned poles there 

are another two unaligned poles of the opposite polarity. Which are assumed to be 

ineffective because of the high reluctance path, which their flux must traverse. In 

essence it is necessary for the unaligned permanent magnets to be driven back down 

their B-H characteristics in order for this configuration to work. Ideally a considerable 

increase in available torque results from the idea of this design. However, in practice it 

is very clear thatôs the rotor leakage flux and other effects should be taken into account 

and considered carefully. Hence it is essential to transfer the idea of this machine into an 

actual machine design and analyse it in some detail as will be seen in the following 

sections of this chapter. 

 

Figure  4.4. The New Split Tooth PM Machine Structure. 
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 Machine Design  4.3

The split tooth design will be compared in detail to other more conventional 

configurations of the same dimensions in order to evaluate its performance. .  

Two motor solve fully optimised radial PM brushless machines with 12 slots/ 4 pols and 

12 slots /10 poles have been designed and analysed. Thereafter, the results obtained 

were compared to that of the new split tooth PM machine. Motor Solve has the ability to 

accurately deign the best module for a given specifications and topology because of its 

automated FE results module. Hence, it was found beneficial to use it in order to 

validate the results obtained. 

The Split tooth PM has been designed to the same dimensions of both Motor Solve 

optimised radial PM brushless machines using the principles of PM machine design 

shown in Appendix A. it was then optimised using 2D FE methods for maximum torque 

output where a range of magnet thickness, magnet arc, tooth width and coreback depth 

have been applied. 

The fixed physical dimensions and specifications used to design the three machines are 

listed in Table 4.1. These fixed dimensions and specifications have been chosen in order 

for the comparison machine to be used as a direct drive motor for an electric vehicle 

with a fixed rated speed of 6000 rpm and the maximum possible torque output. 

Table  4.1. Fixed Dimensions and Specifications for Both Brushless PM Machine and Split 

Tooth PM Machine. 

Machine 
Both Brushless PM 

Machines 

New Design with 

Surface Magnets 

Stator outer/ inner diameter (mm) 200/50.5 200/50.5 

Rotor outer diameter (mm) 100 100 

Stack length (mm) 130 130 

Speed (rpm) 6000 6000 

Magnet 
Neodymium Iron -

Boron- 

Neodymium-Iron -

Boron 

The conventional radial machines are a three phase brushless machines with the first 

one having a 12 teeth / 4 poles configuration and the second one having 12 teeth / 10 
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poles configuration. These are shown in Figures 4.5 and 4.6 below along with the 

winding arrangements, where also a surface mounted neodymium-iron -boron magnets 

were employed and magnetised in a radial direction for both machines. 

 

Figure  4.5. Optmised 12 Slots/ 4 Poles Brushless PM Machine Using Motor Solve. 

 

 

Figure  4.6. Optmised 12 Slots/ 10 Poles Brushless PM Machine Using Motor Solve. 

The STPM machine configuration is designed as a three phase machine with 6 slots and 
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20 poles, where each tooth was split into two as illustrated in Figure 4.7, and surface 

mounted neodymium-iron-boron magnets are employed and magnetised in a radial 

direction.  

 

Figure  4.7.  FE Cross Section of the Split Tooth PM Machine with 6 Slots and 20 Poles. 

The 20 poles obtained here have resulted from the choice of 6 split teeth because this 

configuration requires three poles per tooth in order for the topology to work. This can 

be explained in Figure 4.8 where magnet 1 and 3 should be magnetised in the same 

direction, otherwise the flux will circulate back without linking the coil.  

 

Figure  4.8. Magnet Required for Each Split Tooth 

Although having 6 teeth would result in 18 poles, by taking the 120° electrical shift 

required between the three phases (for a balanced flux linkage) into consideration, two 
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extra poles were required, making a total of 20 required poles. This will be illustrated 

later in this chapter. 

A fixed rotor diameter of 100 mm and an air gap length of 0.5 mm were chosen for both 

designs. 

The higher pole number of the STPM machine, results in a high electrical frequency and 

consequently greater iron losses. This generally means this type of machines will need 

to operate at a lower speed.  

The machine is modeled using 2D FE and due to the complexity of the magnetic circuit 

in the new design, the fringing (leakage) flux in between two magnets will be 

significant. Hence it is important to verify the sensitivity of the solution mesh before 

relying on the FE analysis. 

The finite element method splits the geometry of the machine with a mesh of triangles 

called elements, where a polynomial with unknown coefficients represent each element, 

the solution of the set of equation for these unknown coefficients is the FE solution. 

The elements in the 2D mesh have a triangular shape defined by three vertexes with a 

set of equations to be solved for the solution of the modelôs magnetic field. The mesh 

size and nature of the field indicate the accuracy of the FE solution, especially in areas 

where there are changes in the magnitude of the magnetic field and stored energy like in 

the air gap of the modelled machine. 

In order to validate the accuracy of the FE solution, analysis of the mesh sensitivity was 

carried by reducing the element size until the rate of change of result with element size 

is minimal. This can also be done automatically by the software using auto adaption 

technique, which was used to validate the achieved element size. A finer mesh solution 

results in a longer solving time. However, due to the increasing power of modern 

computers; solution time is becoming smaller. 

The air gap is more of a concern for refining its mesh as it has the most stored energy in 

the machine and is significantly affected by changes in the field directions; hence the 

mesh in the air gap is finer than that in the rest of the machine, as can be seen in Figure 

4.9. 
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The air is split into four sections; stator air box, static air gap region, rotating air gap 

region and rotor air box, both stator and rotor air boxes extend to the air gap by 0.1 mm 

to insure they cover all stator and rotor components.  This is necessary as the edges of 

the components have high field errors. 

 

Figure  4.9.  Mesh Distribution in a FE Cross Section of the Split Tooth PM Machine with 

6 Teeth and 20 Poles. 
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4.3.1 Machine Dimensions 

 In this section the dimensions of the new STPM machine are shown in Figures 4.10. It 

has a frame size of 200 mm, a fixed air gap of 0.5 mm and a rotor outer diameter of 100 

mm. 

 

Figure  4.10. The Split Tooth Machine Considering a Frame Size of 200mm. 

4.3.2 Winding Arrangements: 

The STPM machine was wound using a single tooth, concentrated winding to form a 

three phase machine with short end windings and to give the maximum fundamental 

induced voltage. Figure 4.11 shows the winding arrangement inside the slots of the 

STPM machine. The STPM machine uses two teeth for each phase. 

 

Figure  4.11. Winding Arrangement for the Split Tooth PM Machine. 
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  No Load Analysis  4.4

A 2D FE no load simulation was conducted so that a flux path plot could be obtained 

and checked to ensure the correct flux path along with the correct three phase flux 

linkage balance. This solution involved rotating the rotor at the rated speed of 6000 rpm 

over one electrical cycle using 130 steps to obtain an accurate waveform. 

4.4.1 Flux Density Distribution 

Under no load condition with the rotor aligned at the d axis with respect to one phase, 

Figure 4.12 shows the mutual flux path of the STPM machine as indicated in by the red 

arrows along with the leakage flux path. 

 

Figure  4.12. No Load Contour Flux Lines Plot of the Split Tooth PM Machine with 6 

Teeth and 20 Poles of Surface Mounted PMs. 

The no load flux linkage of the STPM machine over one full electrical cycle obtained is 

shown in Figures 4.13. It can be seen that the flux linkages are balanced with a 120° 

electrical between phases; this confirms the correct shift between phases for the new 

design. 
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Figure  4.13. No Load Flux Linkage of the Split Tooth PM Machine Over One Full 

Electrical Cycle. 

 Load Analysis  4.5

The maximum permissible steady state conductor current density for an air cooling 

method is 10 A/mm
2 

[128]. This current density can however be increased if an 

improved cooling method is used. For simplicity a fixed current density of 5 A/mm
2
 has 

been used for the purpose of comparison between the designed machines here. 

A 2D FE static simulation has been conducted for all three machines. This was done by 

moving the rotor angle to be aligned with the peak back EMF (q-axis) of phase A in a 

machine that is connected in star. Then a range of current was applied to phase A in 

series returning through phase B and C in parallel (giving a maximum 1pu current in 

phase A and -0.5pu in phase B and phase C). This arrangement can be seen in Figure 

4.14.  
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Figure  4.14. Static Simulation Coil Arrangements.  

Before comparing the STPM machine to both brushless PM machines, different split 

tooth shapes are analysed and compared. Figure 4.14 shows a shaded flux linkage plots 

for the four most appropriate shapes. 

 

Figure  4.15. Shaded Flux Linkage Plots for the 4 Most Appropriate Split Tooth Shapes.  
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4.5.1 Static Torque 

Comparing torque against current density is visible because it determines the maximum 

torque; the machine can operate at, considering the maximum permissible steady state 

conductor current density (5 A/mm
2
 for the comparison). By using the analysis obtained 

using 2D FE along with slot area calculations for each machine, torque against current 

density was obtained for the four most appropriate split tooth shapes and are shown in 

Figure 4.16. 

 

Figure  4.16. Static Torques Over a Range of Current Densities of the 4 Most 

Appropriate Split Tooth Shapes. 

It can be seen from Figure 4.16 that the STPM machine with shape A and D split tooth 

have the highest achievable torque against current density. However, Shape A has a 2 % 

less mass than shape D, and hence it was chosen. 

Also a torque against current density was obtained to compare the STPM machine and 

both of the optimised brushless PM machines shown in the previous section as shown in 

Figure 4.17. 
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Figure  4.17. Static Torques Over a Range of Current Densities of Both the Split Tooth 

PM Machine and the Brushless PM Machine. 

In Figure 4.18, the new STPM Machine showed a significant improvement in torque 

against a range of current densities.  

Furthermore, 100 Nm, 34.1 Nm and 45 Nm were achieved by the STPM machine, the 

12 slots/ 4 poles and 12 slots/ 10 poles brushless PM machine at the maximum 

conductor current density of 5 A/mm
2
 respectively. This corresponds to a 193 % and 

122 % increase in achievable output torque for the new split tooth PM configuration 

over the 12 slots/ 4 poles and 12 slots/ 10 poles brushless PM machine. This validates 

the concept of the new design. 

The aim of this thesis is to improve torque density; hence it was essential to compare 

both designed machines using the achieved torque per unit mass as shown with a 

detailed comparison in Table 4.2. 

 

 

 

 

 

 

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7 8

T
o

rq
u
e

 (
N

m
) 

Current Density (A/mm2) 

6 Slot / 20 Pole STPM Machine

12 Slot / 10 Pole Brushless PM Machine (Optmised by Motor Solve)

12 Slot / 4 Pole Brushless PM Machine (Optmised by Motor Solve)



Chapter 4                                                                Introducing the Split Tooth Permanent Magnet Machine 

69 

 Table  4.2. Comparison between the STPM Machine and the Brushless PM Machine. 

Machine 

12 slots/ 4 poles 

Brushless PM 

machine 

12 slots/ 10 

poles Brushless 

PM machine 

New Design 

with surface 

magnets 

Outer Diameter (mm) 200 200 200 

Axial Length (mm) 130 130 130 

Rotor Outer Diameter (mm) 100 100 100 

Total slot area (mm
2
) 10120 10120 8608 

Current Density (A/mm
2
) 5 5 5 

Iron loss 440 460 650 

Gear ratio 1 1 5 

Torque (Nm) 34 45 100 

Mass (Kg) 29.83 28.34 25.93 

Magnet mass (Kg) 1.71 1.17 1.49 

Torque density (Nm/Kg) 1.14 1.6 3.85 

Torque to magnet ratio 

(Nm/Kg) 
19.9 38.5 67.1 

From table 4.2, it can be seen that the STPM machine has achieved 237 % and 141 % 

more torque density compared to the 12 slots/ 4 poles and 12 slots/ 10 brushless PM 

machines respectively. However, it has 47.7 % and 41 % more iron loss than the 12 

slots/ 4 poles and 12 slots/ 10 brushless PM machines respectively. 
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 Conclusion 4.6

A new method of driving greater torque density from a convention PM machine 

topology has been described and compared to two motor solved optimised brushless PM 

machines of the same dimension using 2D FE analysis. The method involved splitting 

the stator teeth in order to introduce a magnetic gear ratio into the torque equation. 

The STPM machine introduced in order to be used as a direct drive motor for an electric 

vehicle. It was designed to produce the maximum possible torque output for a fixed 

physical dimensions and specifications. 

The new machine has shown a significant improvement of 237 % and 141 % more 

torque density compared to the 12 slots/ 4 poles and 12 slots/ 10 brushless PM machines 

respectively.  

The STPM machine has more iron loss and this is due to the higher electrical frequency 

required for the same speed. 

One drawback for the STPM machine design despite its achievable high torque density 

is that as the machine rotates, and each rotor magnet moves from a position under a 

stator split tooth to one between them, it experiences a large change in flux density. 

This changing flux density will inevitably induce eddy currents within the magnets and 

result in magnet losses. These losses can in certain cases be significant; indeed because 

of the degradation of the magnet properties at relatively high temperature. Hence, they 

must be regarded with some concern.  

Within the next chapter an alternative design is developed in order to reduce this 

problem; by employing slightly different configurations. It also manages to further 

increase the achievable torque output. 

 



Chapter 5                                                                                       Development of Split Tooth PM Machine 

71 

 Development of the Split Tooth PM Machine Chapter 5. 

The STPM machine was discussed in Chapter 4 and found to suffer from the leakage 

from the aligned poles between the split teeth. To reduce this effect an improved design 

was developed and is discussed in this chapter. In this improved design, the magnets are 

alternatively magnetised in a circumferential direction in a flux concentrating 

arrangement. This chapter concludes with a comparison between the improved STPM 

machine, the initial STPM machine and the two brushless PM machines developed in 

the previous chapter.  
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  Modified Machine Design 5.1

Higher transmission efficiency, lower acoustic noise and maintenance free operation 

have attracted attention to the concept of magnetic geared machines where double stator 

and single rotor machines are very popular. This is because of their high torque density 

and performance. Figure 5.1 shows different examples of such topology.[129, 130] 

 

Figure  5.1. Double Stator and Single Rotor Machines (a) Dual Ring Type (b) Single 

Ring Type [129]. 

In the design considered in Chapter 4 the magnets are only used for a portion of the 

time. When they are aligned between the stator teeth they are actually detracting from 

the stator flux linkage, and hence act to reduce the total torque generated by the 

machine. A design where all magnets under a stator coil contributed to the coil flux 

linkage would be preferable; such a design is illustrated in Figure 5.2. The rotor 

contains permanent magnets magnetised in a circumferential direction in alternative 

directions in a flux concentration arrangements. The stator now must consist of two 

parts; an outer and an inner section; the rotor now forms an annular ring between. The 

outer stator is identical to before and the inner stator can operate in one of two ways; 

either as a second fully wound component, or, as a flux return path only. The basic path 

for the magnetic flux is now from the inner stator, across the air gap and into the rotor 

through the rotor magnets and radially outwards across a second air-gap into the outer 

stator. All magnets continuously carry approximately the same amount of flux, and 

therefore the losses within them are considerably reduced from the previous case. 
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Figure  5.2. The New Modified Split Tooth PM Machine Structure. 

Different configurations using different PM topologies have also been tried. However, 

they have shown no improvement to the new design due to the flux path, which allows 

the flux to circulate back to the rotor without linking the coil as can be shown in Figure 

5.3. 

 

Figure  5.3. a) STPM Machine With Surface Mounted Magnets b) STPM Machine With 

Interior V Shaped Magnets. 

It can be seen from Figures 5.2 and 5.3 that the flux concentrated magnets are most 

appropriate PM topology for the STPM machine with the inner stator.  
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Implementation of this principle into three-phase geometry is shown in Figure 5.4. The 

outer stator remains unaltered from before with the same winding arrangements. The 0.5 

mm air gap depths have been used for both the inner and outer gaps. 

 

Figure  5.4. FE Cross Section of the Modified Flux Concentrated Split Tooth PM Machine 

with 6 Teeth and 20 Poles. 

5.1.1 Modified Machine Dimensions  

The dimensions of the outer stator, rotor and inner stator of the modified flux 

concentration PM STPM machine are as shown in Figures (5.5, 5.6, and 5.7) 

respectively (using the same space envelope used for both machines developed in 

Chapter 4). 
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Figure  5.5. Stator Dimensions of the New Modified Flux Concentrated Split Tooth PM 

Machine. 

 

 

Figure  5.6. Rotor and Magnet Dimensions of the New Modified Flux Concentrated Split 

Tooth PM Machine. 
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Figure  5.7. Inner Stator Dimensions of the New Modified Flux Concentrated Split Tooth 

PM Machine. 

5.1.2 Modified Machine Mechanical Complexity 

In the following sections, the new design is shown to be electromagnetically superior to 

that presented in Chapter 4; additional mechanical complexity is introduced by having 

an annular rotor between two stator components. However, such a configuration is 

feasible [131-133].  

In order to mechanically restrain the rotor magnets it is proposed that the rotor 

lamination be made in one piece with bridges around the inner and outer radii of the 

magnets. This is shown in Figure 5.8. A bridge inevitably leads to increased rotor 

leakage flux, but such a feature is necessary for mechanical integrity.  

 

Figure  5.8. Rotor Lamination with Bridge Pieces Around the Inner and Outer Radii of 

One Magnet. 
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   No Load Analyses of the Newly Modified Machine Design 5.2

No load analyses were obtained using 2D FE method where a transient with motion 

model was solved in order to observe the back EMF and obtain flux distribution plots 

and flux linkage waveform. 

5.2.1 Flux Density Distribution  

Figure 5.9 shows a no load flux contour plot at the position of maximum flux linkage 

with phase A. It can be seen from the figure that the flux linking this coil is comprised 

of two components; the first component is shown by the orange arrows where the first 

magnet finds a flux return path through the adjoining stator tooth. This path is 

essentially as in the earlier design however the second rotor magnet now also links the 

stator coil; whilst part of its return path is through the outer stator as can be shown by 

the purple arrows, the same flux also uses the stationary inner magnetic closure path. 

This second component of stator flux is additional to that in the earlier machine, and 

therefore results in an increase in total flux linkage and output.  

 

Figure  5.9. No Load Contour Flux Lines Plot of the Modified Split Tooth PM Machine 

with 6 Teeth and 20 Poles of Flux Concentrated Magnets. 
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5.2.2 Flux Linkage 

The no load flux linkage of the modified STPM machine over one full electrical cycle 

obtained from the FE 2D simulations is shown in Figure 5.10. It can be seen that the 

flux linkages are balanced with a 120° electrical between phases which confirms the 

correct shift between phases. 

 

Figure  5.10. No Load Flux Linkage of the Modified Split Tooth PM Machine Over 

One Full Electrical Cycle. 

A comparison between the peak flux linkages obtained by both STPM machines is 

shown in Figure 5.11. 

 

Figure  5.11. Peak Flux Linkage Comparison Between Both the Initial and Modified 

STPM Machines. 

From Figure 5.11, it can be seen that the modified STPM machine has a 72 % increased 

peak flux linkage than that obtained by the initial STPM machine. 
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  Load Analysis of the Newly Modified Machine Design 5.3

5.3.1 Static Torque  

Figure 5.12 shows the modified STPM machine static torque against current densities 

when compared to the initial STPM machine with the surface mounted magnets. 

 

Figure  5.12. Static Torques Over a Range of Current Densities of the Initial and 

Modified Split Tooth PM Machine.  

The modified STPM Machine shows a significant improvement in output torque. Also 

by specifying the point of the maximum permissible steady state conductor current 

density of 5 A/mm
2
, the modified design has 135 Nm, which is 35 % greater than that of 

the initial STPM machine with surface mounted magnets. In addition, The inner and 

outer air gap torques generated in the modified STPM machine can be seen in Figure 

5.13. 

 

Figure  5.13. The Torque in Both Air Gaps of The Modified STPM Machine.  
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It can be seen from Figure 5.13 that the total torque generated by the modified machine 

is the sum of the torques generated by the two stators. The torque generated using the 

inner stator is only 18.5% of the total torque achieved. 

  Evaluation of Flux Concentration Topology over the Conventional 5.4

Geometry 

Because of the improved magnetic circuit of the new modified design shown in Figure 

5.4, the magnetic loading is now increased as can be seen in Figure 5.11. It is also 

important to note the negative electromagnetic effect of the surface mounted magnet as 

it increases the effective air gap length while the flux concentration topology permits a 

flux density in the air gap much higher than that in the magnets and hence increased 

machine torque density. Also the implementation of the inner stator in the modified 

design has limited the leakage flux, so that more flux can be linking the phases, 

increasing the flux linkage. Since for the modified design the winding geometry and 

dimensions remain unaltered from the original STPM machine. However, there is no 

change in electric loading.  

A maximum steady state output torque of 135 Nm that is 35% greater than the 

maximum torque achieved with the conventional flux STPM machine geometry, which 

was obtained by applying the same electric loading applied to the STPM machine with 

surface mounted magnets. 

  Comparison between the Four Machine Designs. 5.5

Table 5.1 summaries the important features of all four machines. Although the brushless 

PM machine geometries have greater magnetic and electric loadings than the new 

designs, but the influence of the magnetic gearing more than offsets this effect. The 

STPM machine designs flux concentration magnets consistently produced higher 

torques than both brushless PM machine and STPM machine with surface mounted 

magnets as can be seen from the table. 
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Table  5.1. The Important Features of All Four Machines. 

Machine 

12 slots/ 

4 poles 

Brushless 

PM 

Machine 

12 slots/ 

10 poles 

Brushless 

 PM  

Machine 

New Design 

with 

Surface 

Magnets 

New Design 

with Flux 

Concentration 

Outer Diameter (mm)  200 200 200 200 

Axial Length (mm) 130 130 130 130 

Rotor Outer Diameter 

(mm) 
100 100 100 100 

Total slot area (mm
2
) 10120 1020 8608 8608 

Current Density (A/mm
2
) 5 5 5 5 

Iron loss (W) 440 460 650 697 

Gear ratio 1 1 5 5 

Torque (Nm) 34 45 100 135 

Mass (Kg) 29.83 28.3 25.93 27.13 

Magnet mass (Kg) 1.71 1.17 1.49 1.36 

Torque density (Nm/Kg) 1.14 1.6 3.85 4.97 

Torque to magnet ratio 

(Nm/Kg) 
19.9 38.5 67.1 99.26 

From Table 5.1, it can be seen that the developed STPM machine achieved 35 % more 

torque than the initial STPM machine. And although, the developed STPM machine 

results in a higher mass due to the inner stator, it was still able to produce 29 % more 

torque density than the earlier STPM. Furthermore, the developed PM machine reduced 

the magnet mass by 8.7 % and simultaneously increases the Torque to magnet mass by 

48 % when compared to the initial STPM machine. 

In addition, Iron loss has increased by 58 % from 12 slots/ 4 poles Brushless PM 

Machine to the STPM machine with concentrated magnets. This is because of the 

higher pole number of the STPM machine and hence the electrical frequency for the 

same speed.   
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 Conclusion  5.6

A new PM machine design has been described and developed which shows an increased 

torque density over two optimised conventional brushless PM machines.  

The performance of the new design has been compared with a conventional brushless 

PM machines of the same size. Also a further modified design of the new geometry that 

shows a further increase in torque density can be made using flux concentration 

magnets and an inner stator. 

The new design requires the splitting of the stator teeth, so that a larger number of poles 

can be enclosed by the stator winding. The designs considered have stator teeth that 

split into two. 

The advantages and disadvantages of the new designs: 

1. The new machine has the advantage of introducing an additional factor into the 

output torque equation. 

2. The new STPM machine produces a 193 % and 122 % than 12 slots/ 4 poles and 

12 slots/ 10 poles brushless PM machines respectively. 

3. A modified design of the new STPM machine with flux concentration magnets 

has shown a further 35 % increase in torque output. 

4. The implementation of the inner stator in the modified design has harnessed 

more flux to link the phases, increasing the overall flux linkage. 

5. The new design has a reduced electrical loading, as the slot area is reduced by 

the split tooth geometry. 

6. Higher pole number in the new design results in a higher stator electrical 

frequency, and hence greater iron losses in the machine. This needs some 

consideration. 

From the two split tooth designs considered here the first was found to be suffering 

from varying flux linkage within the magnets because of the large change in flux 

density when each rotor magnet moves from a position under a stator split tooth to one 

between them, which increases the danger of high magnetic losses, and overheating. 

However, the second modified design overcame this problem by allowing all magnets 

under a split tooth to be utilised at any one instant and simultaneously results in greater 
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torque output. 

Table 5.2 compares both the Brushless PM machines with both STPM machines. 

Table  5.2. Comparison between All Three Machines. 

Machine 

12 slots/ 4 

poles 

Brushless PM 

Machine 

12 slots/ 10 

poles 

Brushless PM 

Machine 

New Design 

with Surface 

Magnets 

New Design 

with Flux 

Concentration 

Torque (Nm) 34 45 100 135 

Mass (Kg) 29.83 28.3 25.93 27.13 

Iron Loss (W) 440 460 650 697 

Magnet mass 

(Kg) 
1.71 1.17 1.49 1.36 

Torque density 

(Nm/Kg) 
1.14 1.6 3.85 4.97 

Torque to magnet 

ratio (Nm/Kg) 
19.9 38.5 67.1 99.26 

The STPM machine with concentrated magnets shows a factor of 2.9 and 2.2 increase in 

output torque when compared to 12 slots/ 4 poles and 12 slots/ 10 poles brushless PM 

machines; this is as a result of the improved magnet utilisation. 

It can also be seen that the STPM machine with concentrated magnets has a factor of 

4.4 and 3.1 increase in torque density when compared to 12 slots/ 4 poles and 12 slots 

/10 poles brushless PM machines. However, it has up to 54% more iron loss. 

Figure 5.14 shows a geometry comparison of both initial and modified STPM machines 

compared in table 5.2. 
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a) STPM Machine with Surface Mounted Magnets (Initial). 

 

b) STPM Machine with Flux Concentrated Magnets (Modified). 

 

Figure  5.14. Geometries of Both STPM Machines. 

The STPM machine with flux concentrated magnets will be further optimised. The 

optimisation method discussed in the following chapter. 
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 Design Optimisation  Chapter 6. 

In this chapter the method used for designing, evaluating and optimising the STPM 

machine with concentrated flux magnets will be described.  

The method involves writing a full script file to parameterise every vertex of the 

machine. This allowed a number of MagNet 2D FE simulations to be easily run for 

different designs. Descriptions of the effect of all the fixed and variable parameters used 

will be shown here. The possible slot and pole combinations for the STPM machine will 

be explained, evaluated and compared here in order to find the best combination with 

the highest torque. 
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 Introduction  6.1

The initial design and evaluation of the STPM machine with concentrated magnets 

presented in Chapter 5 showed promise; it has therefore been decided to further improve 

its design to achieve a higher torque density by:  

¶ Evaluating different slot and pole combinations in order to find the optimum 

combination. 

¶ Investigating the machineôs performance over a range of dimensions to find the 

optimum dimensions. 

¶ Using the commercially available optimisation tool OptiNetÊ, to optimise the 

design. 

In this optimisation, it is considered essential to keep the following dimensions fixed: 

¶ Stator outer diameter. 

¶ Air gap length. 

¶ Axial length. 

Other factors that must be taken into consideration are: 

¶ The rotor has to rotate between two stationary stators and be connected directly 

to a shaft, this must be mechanically feasible. 

¶ The pole number limit placed by the electrical frequency capability of the 

inverter. 

¶ Single tooth winding will be used due to the shorter axial length. 

¶ The rotor lamination bridges need to be thick enough for mechanical strength, 

yet small enough to saturate and reduce magnet flux leakage. 

The design and optimisation methods are described in this chapter along with the 

machineôs variable and fixed parameters, the script file and the optimisation process. 

A range of feasible slot and pole combinations are also evaluated.  
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 MagNetÊ Software 6.2

MagNetÊ is finite element electromagnetic modelling software; it can solve 

electromagnetic problems in both two and three dimensions. If a machine is known to 

have the majority of flux travelling in two dimensions, i.e. in the plane of the 

laminations then the 2D is acceptable with the advantage of substantial savings in 

solution times. Three dimensional analysis is then used if the end effect of the machine 

are to be analysed for a newer final design. The STPM machine is laminated, and hence 

has a mainly two dimensional flux path, hence 2D FE is used throughout.  

 Slot / Pole Combination  6.3

Increasing the number of poles for the concentrated magnet topology at a fixed diameter 

leads to thinner magnets.  

Due to manufacturing difficulties a minimum allowable thickness of 2 mm is 

considered. 

The slot to pole combinations chosen here based on an initial verification to ensure that 

they have a balanced rotating magnetic field in the air gap. This was achieved by first 

calculating the electrical angle of the slot pitch (:swollof sa (‮ 

‮  ὼ ὴὴ      6.1 

Where Ὕὔ is the number of teeth and ὴὴ is the number of pole pair. This is followed by 

drawing a phasor diagram that represents the electrical angle between all slots. 

Thereafter, the slots have been rearranged to make three phases with each phase having 

a resultant that is 120 electrical degrees away from the next phase [134, 135]. 

There are a number of requirements in the slot / pole choice specific to the STPM 

machine; 

¶ Four poles have to be aligned to one specific tooth at any one time. 

¶ The inner stator must have the same number of teeth as the outer stator. This is 

because each of the inner stator teeth has to be aligned with an outer stator slot 

opening. This reduces the amount of leakage flux redirecting it to link the 
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aligned phase. 

Different possible combinations are shown in Table 6.1 

Table  6.1. STPM Machine Different Slot to Pole Combinations. 

Option 
Outer Stator 

Number of teeth 
Number of poles 

Inner stator 

Number of teeth 

1 6 20 6 

2 12 40 12 

3 24 80 24 

4 48 160 48 

The combination of slots and poles influences both the machineôs electrical and 

magnetic loading. Electrical loading depends on the slot area, while magnetic loading 

depends on the amount of flux linking the tooth of one pole. If the pole number is 

tripled, the flux per pole will be reduced to one third of its original value. The torque in 

an ideal case will not change by increasing the pole number if both the current density 

and rotor outer diameter remain unchanged. However, increasing the pole number can 

influence other design features that can contribute to increasing torque density as will 

now be explained; 

1. Increasing the pole number means the coreback depth can be reduced, this is 

because a lower magnitude of flux has to travel shorter distances around the 

coreback. This contributes to increasing the torque as the rotor outer diameter 

can be increased for the same machine outer diameter. Less iron will be used, 

giving a reduction in mass hence, increase in torque density.  

2. Higher pole numbers mean a higher machine electrical frequency for a given 

speed, this increases stator iron loss. It will however reduce the magnet and end 

winding losses as the circumferential path of the magnet eddy currents is 

reduced, and the coil resistance is lower due to the end winding length is 

shorter. The windings may also have a reduced impact on the axial length of the 

machine therefore the effective torque producing length of the machine can be 

increased for the same overall space envelope. 
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3. Fringing and leakage of flux between neighbouring magnets and from magnet 

to tooth will be increased by increasing the number of poles as they are spatially 

closer. 

4. Increasing the pole number minimises the risk of magnet demagnetisation 

because the armature reaction is reduced. 

5. The machine construction becomes more difficult with a higher pole number as 

there is a larger number of components. 

6. Larger magnets are less expensive than smaller magnets of the same mass, 

because there is less processing and handling. 

An optimal slot/ pole combination for a specific size frame has to be chosen; hence a 

comparison has been carried out between two STPM machines with different slot and 

pole numbers. A 6 slots/ 20 poles and a 12 slots/ 40 poles are considered. The 

combination of 24 slots/ 80 poles has been ruled out because it results in a magnet 

thickness that is less than 2 mm for a 200 mm outer diameter.  

The 6 slot / 20 pole machine is the same as that described in Chapter 4. The 12 slot / 40 

pole machine is an initial design that was achieved by using the same process of 

designing the 6 slots/ 20 poles machine. A single tooth winding has been chosen for 

both machines. The two machines share the same air gap length, stator outer diameter, 

magnet material, magnet mass and lamination properties. The winding of the 6 slots/ 20 

poles machine was shown in Chapter 4 where two slots make up one phase. The same 

winding style has been applied to the 24 slots/ 40 poles machine which has four slots 

per phase. Figure 6.1 shows flux contour plot lines that have been obtained from no-

load 2D FE simulation for the two designs. 
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a) 6 Slots/ 20 Poles Machine. 

  

b) 12 Slots/ 40 Poles Machine. 

Figure  6.1. Flux Contour Plot Lines Obtained from No-Load 2D FE Simulation for the 

Two Designs. 

Figure 6.2 shows the dimensions of the 12 slots/ 40 poles machine. 

 

Figure  6.2. Dimensions of the 12 slots/ 40 Poles First Design 
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6.3.1  Evaluation of the 6 Slot / 20 Pole and 12 Slot / 40 Pole Designs 

In this section both machines will be evaluated and compared with regard to their 

electromagnetic performance. 

6.3.2 No-Load Back EMF Comparison  

The back EMF amplitude of both machines has been kept constant by setting the 

number of turns. However, an increase in the frequency rating of the power electronics 

is needed for the higher pole number machine. The relation between the back EMF, 

number of turns and frequency is described by Equation 6.1. 

Ὁ τȢττ  ɲ  ὔ  Ὢ  Ὧ                                            6.1 

Where %  represents the phase RMS value of the back EMF,  ɲ is the peak flux of the 

linked phase, N is the number of turns, f is the electrical frequency Ë  is the winding 

factor of the machine. 

Figure 6.3 shows the simulated line to line back EMF waveform of the 6 slots/ 20 poles 

and 24 slots/ 40 poles machines at 3000rpm.  

The fundamental winding factor of both machines is 0.866 with no distributed winding 

as all the coils that make up one phase are at the same electrical angle.  

It is worth noting from the harmonic spectrum of the line back EMF of both machines 

shown in Figure 6.4 that the 3
rd

 and other triplen harmonics are not present in both 

machines line back EMF waveforms. This is because both machines are balanced three 

phase machines that are connected in star; hence all triplen harmonics are in phase. 

The only common harmonics of concern here are the 5
th
, 7

th
 and 11

th
 harmonics. 

However, looking at Figure 6.4, it can be seen that the 5
th
 harmonic in the 6 slots/ 20 

poles machine is 0.011 per unit, which is 1.1 % of the fundamental and only 0.5 % in 

the 12 slots/ 40 poles machine while 7
th
 and 11

th
 harmonics represent less than 1 % in 

both machines, hence they are small and can be neglected for the purpose of this study. 
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Figure  6.3. Line Back EMF for 6 Slots/ 20 Poles and 12 Slots/ 40 Poles STPM Machines 

with Concentrated Magnets. 

 

 Figure  6.4. Harmonic Spectrum for 6 Slots / 20 Poles and 12 Slots/ 40 Poles STPM 

Machine with Concentrated Magnets. 

6.3.3 Cogging Torque Comparison 

One of the most important requirements of EVs is to reduce noise to a minimum in 

order to achieve the maximum possible comfort for passengers; reduced cogging torque 

contributes to minimising this noise. 

Cogging torque is not included in the optimisation process. However, it is assessed post 

optimisation. 

Cogging torque is a result of the interaction between both permanent magnet MMF 

harmonics and the air gap harmonics due to slotting [136]. The frequency of the 

cogging torque can be obtained using Equation 6.2: 
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#ÏÇÇÉÎÇ
 

 ȟ  
     6.2 

Where .  is the number of stator slots, 00 the number of pole pairs and 

(#& . ȟÐÐ is the highest common factor between the number of slots and number 

of poles. Table 6.2 shows the cogging torque lowest cogging torque frequency for 

different slot to pole combinations. 

Table  6.2 Cogging Torque Frequency for Different Slot/Pole Combinations. 

 

 

 

Cogging torque waveforms for the 6 slots/ 20 poles machine and 12 slots/ 40 poles 

machine were obtained using 2D FE transient with motion simulations and are shown in 

Figure 6.5. It can be noticed from the figure that both machines produce very low 

cogging torque: less than 2 % of full load torque. The cogging torque frequency is in 

agreement to the values obtained in Table 6.2. A reduced cogging torque was observed 

with the higher slot/pole combination. 

  

Figure  6.5. Cogging Torques for 6 Slots / 20 Poles and 12 Slots/ 40 Poles STPM Machine 

with Concentrated Magnets. 

Although there has been no investigation into the relation between the amplitude of 

cogging torque and slot to pole combination, from Figure 5.10, it has been found that 
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6.3.4 Mean Torque Comparison  

Torque can be calculated using Equation 6.3: 

4
 

     6.3 

Where 4  is the mechanical Torque, %  is the phase back EMF, )  is the rms 

current in the winding, ‍  is the current and back EMF waveform phase displacement 

and ‫  is rotor velocity at a given time. 

Torques verses current density is shown in Figure 6.6 for both machines. The higher 

pole number machine produces more torque at 1.5 A/mm
2
 onwards and has the ability 

to increase torque to 122 Nm at 5 A/mm
2
 and 156 Nm at 10 A/mm

2
. The torque 

increases up to 167Nm at 15A/mm
2 

current density. The low pole number machine 

achieves near linear increases in torque up to 100 Nm at 5 A/mm
2
 and while there is 

also a visible increase up to 130 Nm at 7A/mm
2
 it has already started to level off. By 

taking the maximum achievable torques for both machines at different current densities, 

an increase of 22 %, 7.5 %, 4.5 % is achieved by the 12 slots/ 40 poles machine at a 

loaded current density of 5 A/mm
2
, 10 A/mm

2
 and 15 A/mm

2
 respectively. This is 

partially because the torque is proportional to the square of the rotor diameter, which 

has been increased in the 12 slots and 40 poles machine as a result of reducing the 

coreback depth. 

  

Figure  6.6. Peak Torque Versus Current Density for the 6 Slots/ 20Poles and 12 Slots/ 40 

Poles Split Tooth PM Machines with Concentrated Magnets. 
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6.3.5 Torque Ripple Comparison  

Torque pulsations are not desirable because they produce vibrations and acoustic noise 

in the machine [137, 138]. A torque ripple is caused by [139]: 

¶ The interaction between time and asynchronous spatial harmonics between two 

air gap fields, where one is a creation of the armature excitation and the other is 

of the rotor magnets. Although the current applied to the stator winding is 

sinusoidal, spatial harmonics are created in the air gap field due to slotting effect 

and tooth tip saturation. 

¶ Due to the reluctance variation between the tooth and slot (cogging torque). 

Torque ripple can be found by Equation 6.4: 

Ὕ
 
 ρππ    6.4 

Where Ὕ  is the torque ripple, Ὕ  and Ὕ  are the maximum and minimum 

torques, respectively and Ὕ  the mean value of torque over one electrical cycle. 

Figure 6.7 shows torque obtained from the two machines when loaded at current density 

of 15 A/mm
2
. 

 

Figure  6.7. Torque Waveform for 6 Slot / 20 Pole and 12 Slots/ 40 Poles Split Tooth PM 

Machines. 

The machine with 12 slots/ 40 poles exhibits a lower torque ripple, which has been 

calculated using Equation 6.4 as 6.5% of the machine output torque.  The torque ripple 

for the machine with 6 slots and 20 poles is 11.2% which is higher in this case. This is 

because of the small distortion in the waveform of the back EMF.  
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Table 6.3 shows a comparison between both machines. 

Table  6.3. A Comparison between 6 Slots/ 20 Poles and a 12 Slots/ 40 Poles STPM 

Machines. 

Subject 6 Slots/ 20 Poles 12 Slots/ 40 Poles 

Outer diameter  (mm) 200 200 

Rotor Outer diameter (mm) 100 144.53 

Iron Losses at 15 A/mm
2 
& 3000rpm (W) 2017 2672 

Peak Cogging Torque (Nm) 1.2 0.8 

Torque Ripple (%) 11.2 6.5 

Max Torque (Nm) (@15A/mm
2
) >160 >166 

Mass (Kg) 27.13 18.8 

Torque Density (Nm/Kg) 5.9 8.8 

Speed (base) 3000 3000 

From Table 6.3, the 12slots/ 40 poles STPM machine has 27.5 % more iron loss than 

the 6 slots/ 20 poles STPM machine at 15 A/mm
2
 and 3000 rpm. This is because of the 

higher electrical frequency required at the same speed by the machine with the higher 

pole number. In addition, the copper loss was calculated for the 12 slots/ 40 poles 

machine and found to be 2177 W, which is lower than the iron loss by 18.5%. 

In addition, the higher slot to pole combination has less cogging torque at 0.8 Nm when 

compared to 1.2 Nm by the lower slot to pole combination. Also less torque ripple is 

achieved by the higher slot to pole combination with only 6.5 % torque ripple. 

The 12 slots/ 40 pole machine has been chosen for the purpose of this thesis because it 

increases torque density by 49 % when compared to 6 slots/ 40 poles machine, hence it 

will be further investigated as will be shown in the following sections and chapters. 

  Design and Optimisation Methods 6.4

The key optimisation parameter is the mean torque per unit mass that can be achieved at 

a specific frequency, temperature rise and for a specific set of dimensional constraints. 

Nevertheless parameters such as cogging torque and torque ripple must be kept within 

acceptable limits. The critical design points are:  
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1 Maximum continuous operating torque. This is important when it comes to 

electric vehicles, especially at the critical thermal point during driving up a steep 

hill. 

2 Over load torque. Higher than rated torque and available for fast acceleration, 

for a period much less than the thermal time constant of the motor. 

The MagNet drawing script parameterises every vertex of the Split tooth PM machine 

for the optimisation process. Inside the script file, MMF is calculated as a function of 

slot area.  

The optimisation aims to maximise the torque capability of different designs for a fixed 

current density.  

 

6.4.1 Optimisation Parameters 

The optimisation considered some fixed constrains and some variable parameters as 

seen in Table 6.4. 

Table  6.4. The Range of Fixed and Variable Parameters. 

Parameter 
Range 

Minimum Maximum 

Stator Outer Diameter 200mm (fixed) 

Axial Length  130mm (fixed) 

Outer Air Gap Length 1mm (fixed) (initially 0.5mm)* 

Inner Air Gap Length 1mm (fixed) (initially 0.5mm)* 

Magnet Upper Bridge 1.5mm (fixed) (initially 0.5mm)**  

Magnet Lower Bridge 1mm (fixed) (initially 0.5mm)** 

Slot Depth 4 mm 26 mm 

Tooth Width 4 mm 24 mm 

Core Back Depth 4 mm 16 mm 

Slot Opening Width 2 mm 
 

 

Tooth Split Width 1 mm 11 mm 

Tooth Split Depth  2 mm 12 mm 

Magnet Height  3 mm 27 mm 

Magnet Thickness 2 mm 7 mm 

Inner Stator Tooth Width 2 mm 10 mm 

Inner Stator Slot Depth 3 mm 14 mm 

Inner Stator Coreback Depth 2 mm 12 mm 

*Changed in order to count for enough clearance during construction. ** Required to mechanically 

restrain the magnets against the centrifugal forces for a prototype. 
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All the variable parameters are calculated as a function of the stator outer diameter 

(fixed). Hence, other parameters can be also varied accordingly such as: stator inner 

diameter, tooth span, rotor outer diameter, rotor inner diameter, inner stator outer 

diameter, Inner Stator Tooth span, inner stator slot pitch 

A representation of the 6 slots / 20 poles STPM machineôs three different parts cross 

sections are shown in Figures 6.8, 6.9, 6.10 for the outer stator, rotor and an inner stator 

respectively and a description of their dimensions represented in Tables 6.5, 6.6, and 6.7 

respectively.  

 

Figure  6.8. Outer Stator Dimensions of the STPM Machine. 
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Table  6.5. Outer Stator Dimensions Descriptions and Symbols. 

Number Description Symbol 

1 Stator Inner Diameter Dsi 

2 Stator Outer Diameter Dso 

3 Tooth span —t 

4 Slot depth ds 

5 Core Back Depth dcb 

6 Tooth Split Depth l ts 

7 Tooth Split Span —ts 

8 Tooth Body Width wtb 

9 Slot Opening Span —so 

 

 

Figure  6.9. Rotor and Magnet Dimensions of STPM Machine with Concentrated 

Magnets. 
 

Table  6.6. Rotor and Magnet Dimensions Descriptions and Symbols. 

Number Description Symbol 

1 Rotor Outer Diameter Dro 

2 Rotor Inner Diameter Dri 

3 Magnet Upper Bridge Bmu 

4 Magnet Lower Bridge Bml 

5 Magnet Span —m 

6 Magnet Height hm 

7 Magnet Thikness tm 
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Figure  6.10. Inner Stator Dimensions of The STPM Machine. 

Table  6.7. Inner Stator Dimensions Descriptions and Symbols. 

Number Description Symbol 

1 Inner Stator Outer Diameter Diso 

2 Inner Stator Inner Diameter Disi 

3 Inner Stator Tooth Span  —ist 

4 Inner Stator Slot Pitch  —iss 

5 Inner Stator Slot Depth dist 

6 Inner Stator tooth Width wist 

7 Inner Stator Coreback Depth dscb 

6.4.2 Process of Optimisation: 

The optimisation process is divided into two: the first method is the initial manual 

optimisation process and the second is the final optimisation process which is 

automated using OptiNet
TM

. Both optimisations were for maximum torque density at a 

fixed RMS current density of 15A/mm
2
, which is a typical limit for a forced air-cooled 

machine. In order to reduce the solution time, the optimisation was undertaken using 2D 

static FE models. 

The manual optimisation started by writing a script to parameterise the machine. A 

visual basic (VB) script was written in a text file which can be run by MagNet. Figure 
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B.1 in Appendix B shows the flow sequence in which the script was created in order to 

create and simulate the STPM machine in MagNet. Thereafter, the script file was run in 

MagNet, which was commanded to build and assign the appropriate material for each 

part of the STPM machine in FE. During this process, the script commands MagNet to 

build several models that vary one variable parameter at a time, and to solve it using 2D 

FE simulation. The simulation results are then obtained and transferred to Microsoft 

Office Excel for investigation. This process was repeated for all of the variable 

parameters to derive the dimensions of the initial optimal design. Figure 5.5 below 

shows a flow chart of the initial optimisation process. 

 

Figure 5.5. Flow Diagram for the Initial Optimisation Process. 

After solving for the best-achieved design from the manual process of optimisation that 

has the maximum torque capability for a fixed current density, the simulation was saved 

in MagNet and then the final optimisation process was started. 

In this process, software called OptiNet was used. OptiNet can be integrated with 

simulation packages such as MagNet, ElecNet and ThermNet to improve existing 

design models by optimising the electromagnetic and thermal characteristics of any 

parameterised model. OptiNet is very efficient because it uses an optimizer based on an 

evolutionary strategy. 

In this process OptiNet was integrated with MagNet simulation to improve the saved 

parameterised model, which was the best design achieved through the initial 

optimisation. This was done by continuously varying the dimensions of the machine 

between fixed parameters; these limits were set to allow for only sensible geometries to 
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be considered during the optimisation. This was done in such a way as to avoid any 

overlap in the geometry which can be caused by the interdependence between different 

variables. It is also important to note that the optimisation was allowed to vary each 

variable cautiously outside of these limits in order to consider every possible 

combination. The process of the optimisation employed is summarised as shown in 

figure 5.6. 

 

Figure 5.6. Flow Diagram for the Final Optimisation Process. 

From the figure above, it can be seen that OptiNet worked in such a way as to command 

MagNet
TM

 to change the parameterised model variables, to solve the model and to send 

the results back to OptiNet. The process was then repeated several times in order to 

obtain an improved torque output, and this cycle was repeated until no further increase 

in the output torque was noticed, hence the final optimal dimensions of the modelled 

design with maximum torque output were obtained. 

The maximum number of solutions for OptiNet was set to 5000 with a time limit of 30 

hours in order to allow it to run as many solutions as possible, to give the most accurate 

results possible. 
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   Conclusion 6.5

Different slot-to-pole combinations of the STPM machine have been considered and 

compared in this chapter in order to find the optimum combination with the best torque 

density, which can be further optimised and built for the purpose of this thesis, 12 slots/ 

40 poles was chosen, as this combination has been found to produce more torque per 

unit mass than the 6 slots/ 20 poles machine. A higher combination could not be 

considered because the resulting thin magnets are too difficult to handle during 

construction. 

The coreback was reduced as a result of increasing the slot to pole combination. This is 

because the flux around the coreback becomes lower in magnitude and travels shorter 

distances. This effect contributes towards increasing the torque; hence the rotorôs outer 

radius can be increased for the same overall outer diameter. However, increasing the 

pole number has the disadvantage of increased stator iron loss due to the higher 

electrical frequency of the machine at the same speed. 

A script file was written to create the 12 slots/ 40 poles STPM machine and to define 

each of its vertices as a function of the outer stator outer diameter in order to 

parameterise the model of the machine in MagNet
TM
. This made the process of 

optimising the machine dimensions a lot easier and quicker. The optimisation included 

some fixed parameters such as the outer diameter and the axial length, due to the size 

restrictions of the application chosen. Two optimisation processes to maximise torque 

output at fixed current density were carried out as explained in this chapter. The first 

method was conducted manually by varying each of the variable parameters 

individually and to investigate their impact on torque density. The second method was 

conducted using OptiNet
TM

.  

In the following chapter, the manual optimisation method was used to investigate the 

impact of varying each parameter on the achieved torque density and an optimum 

achieved design was chosen. 
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 Investigative Design Chapter 7. 

In this chapter, the impact of changes to the 12slot/40pole STPM machineôs stator, 

rotor, magnets, and inner stator on torque density was explored. As a second order, the 

effect on torque ripple was observed. In addition, the impact of the inclusion of the 

inner stator was assessed. The parametrised model from Chapter 6 was used to vary the 

dimensions. 
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 Introduction  7.1

In order to mathematically understand the effect of varying the machine physical 

dimensions on torque output it is important to understand the torque Ὕ  to rotor radius ὶ 

relation, which can be demonstrated in the general torque equation shown previously in 

chapter 4, which for clarification is more detailed in Equation 7.1: 

Ὕ ᶿὄ ὃ  “ὶὰ     7.1 

Where
 ὄ  , is the peak air gap flux density, ὰ  is the machineôs axial length, 

and ὃ  is the electrical loading that can be calculated using Equation 7.2 where Ὅ is 

the phase current and  ὔ is the number of turns per phase:  

ὃ  
  

 
     7.2 

From Equation 7.1 and 7.2 the effect on the torque produced for different dimensional 

changes can be estimated as follows: 

¶ Increasing the magnetic loading increases torque output, which can be achieved 

by increasing the air gap flux density.  

¶ Increasing the electric loading by increasing either the number of turns or the 

current applied increases torque, this would require an increase in slot area fill 

factor or current density. 

¶ Better cooling allows an increase in torque as the machine can operates at a 

higher current density.  

¶ Torque is proportional to the square of the rotor radius; therefore increasing the 

air gap radius will have a large effect on torque.  

¶ Torque output is proportional to the axial length of the machine, although the 

axial length is fixed in this investigation. 
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 Investigation Methodology 7.2

The investigation was carried out using the parametrised model from Chapter 6. Static 

and transient with motion 2D FE was used throughout. 

The static torque analysis has been conducted using the method described in Chapter 4. 

For each design variation the slot area is calculated, allowing torque to be assessed 

against current density ranging up to 20A/mm
2
 in the conductor 

The transient with motion simulation were conducted at both no load and load 

conditions with applied current density of 15A/mm
2
. During the no load condition, back 

EMF waveform and harmonic content, cogging torque and air gap flux density were 

measured. Also flux density was assessed for each variable. The load condition was 

used to obtain torque waveforms, and there by calculate the mean torque and torque 

ripple. 

Torque density calculations are based on the mean torque at full load and divided by the 

magnetically active mass (laminations + magnets + windings). Torque ripple was also 

assessed. 

 Outer Stator Dimension Impact on Torque Density 7.3

The variable dimensions of the outer stator is shown in Figure 7.1 and Table 7.1 

 
Figure  7.1. Outer Stator Dimensions of the STPM Machine. 
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Table  7.1. Outer Stator Dimensions Description. 

Symbol Description 

Dsi Stator Inner Diameter 

Dso Stator Outer Diameter 

—t Tooth span 

—sp Slot Pitch Span 

ds Slot depth 

dcb Core Back Depth 

dts Tooth Split Depth 

—ts Tooth Split Span 

wt Tooth Body Width 

—so Slot Opening Span 

dtt Tooth Tip Depth 
 

The outer diameter is kept constant at 200mm while the tooth width, slot depth, 

coreback depth, slot opening span, tooth split span , tooth split depth and tooth tip depth 

have been varied. 

7.4.1 Tooth Body Width and Slot Depth 

Since they have an effect on the total slot area, tooth body width and slot depth were 

chosen first for analysis.  

A balance between the slot area, and hence MMF and saturation in the tooth body, and 

hence magnetic loading has to be taking into consideration when investigating the tooth 

body width because both of them are proportional to torque from Equation 7.1. 

Furthermore, a balance between the rotor outer radius and slot area has to be also 

considered when investigating various slot depths. 

Table 7.2 and 7.3 show a no-load flux density distribution conducted for various tooth 

body width and slot depth respectively. 
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Table  7.2. No Load Shaded Flux Density Distribution of Various Tooth Body Widths. 

wt 

(mm) 
No load Contour Plot Shaded 

Plots Scale 

4 

 

 

 

 

 

16 

 

24 

 

It can be seen from Table 7.2 that a tooth body width of 4 mm has the highest flux 

density saturation in the tooth body, which limits the flux linking of the coils and 

increases iron loss. This width has also the largest slot area (1PU), and hence MMF that 

can be applied. However, a tooth body width of 24 mm has the lowest flux density 

saturation in the tooth, which increases the iron mass and has also the smallest slot area, 

hence electrical loading. However, a tooth width of 16 mm can be seen to have a 
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balance between the amount of distributed flux density across most of the stator tooth 

and the slot area available. 

Table  7.3. No Load Shaded Flux Density Distribution of Various Slot Depths. 

dslot 

(mm) 
No load Contour Plot Shaded 

Plots Scale 

4 

 

 

12 

 

20 

 

For varying slot depths shown in Table 7.3, a slot depth of 4mm can be seen to have the 

longest outer rotor radius. However, it has the smallest slot area, and hence electric 

loading for a fixed current density. In addition, slot depth of 20 mm has the largest slot 

area but the shortest outer rotor radius.  
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Moreover, a slot depth of 16 mm can be seen to have the most balance relation between 

both slot area and rotor outer radius than the other two depths shown in Table 7.3.  

Torque for a range of applied current densities was obtained for various tooth body 

widths and slot depths and shown in Figures 7.2 and 7.3. 

 

Figure  7.2. Torque Versus Current Density for Various Tooth Body Widths. 

Looking at Figure 7.2 it can be seen that the 16mm tooth body width design is the best 

design as it has the higher achievable torque before it saturates and starts to level off. 

This is because tooth body widths lower than the16mm width, get more saturated and 

hence limit the magnetic loading. Furthermore, tooth widths above 16mm result in 

smaller slot areas, which limit the electrical loading. 

 

 Figure  7.3. Torque Versus Current Density for Various Slot Depths. 

Figure 7.3 shows that a slot depth of 12 mm achieves the highest torque output as it has 

a balance between the slot area achieved and hence MMF and the outer rotor radius than 

the other four depths shown in the figure. Also depths below 12 mm result in smaller 

slot areas. However, slot depths above 12 mm result in lower rotor radii. 
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For comparison, torque density for different tooth body widths and slot depths at a 

current density of 15 A/mm
2
 are shown in Figures 7.4. 

 

Figure  7.4. Torque Density at 15 A/mm
2
 for Different Tooth Body Widths and Slot Depths. 

Figure 7.4 shows that at 15A/mm
2
 a 16mm tooth body width achieves the highest torque 

density of 12.6 Nm/kg. Moreover, a slot depth of 12 mm has been found to have the 

highest torque density from Figure 7.4. A tooth width of 16 mm and a slot depth of 

12mm are found to offer maximum torque and this is because the earlier achieves the 

ideal tooth body saturation and slot area ratio for maximum torque, while the latter 

achieves the optimum ratio between the rotor outer radius and the slot area. 

7.4.2 Coreback Depth 

The coreback depth has a large impact on torque as reducing the coreback thickness for 

the same outer diameter allows an increase in rotor radius, hence a large increase in 

torque. However, the coreback has to be thick enough to prevent saturation limiting the 

magnetic loading. Flux density distribution plots are shown for various coreback depths 

as shown in Table 7.4 and assessed alongside torque density. 
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Table  7.4. No Load Shaded Flux Density Distribution of Various Coreback Depths. 

dcb 

(mm) 
Core Back 

No load Contour Plot 
Shaded Plots 

Scale 

2 

 

 

8 

 

12 

 

Torque for a range of applied MMFs was obtained at various coreback depths, then by 

using the slot area; torque against current density graphs were created. These are shown 

in Figure 7.5. 
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Figure  7.5. Torque Versus Current Density for Various Core Back Depths. 

From Figure 7.5, torque can be seen to increase proportionally with current density until 

the magnetic circuit becomes saturated. Although the rotor radius is reduced, increasing 

the coreback depth up to 8 mm results in more torque. This is because the reduction in 

saturation is greater than the reduction in torque radius. However, increasing the depth 

to more than 8mm results in a reduced torque because the effect of reducing the rotor 

radius outweighs the benefit of reduced saturation. Figure 7.6 shows a chart of torque 

density and torque ripple resulting from different coreback depths obtained with 15 

A/mm
2
 applied current density. 

 

Figure  7.6. Torque Density and Ripple Achieved at 15 A/mm
2
 at Various Coreback Depths. 

From Figure 7.6, it can be seen that at 15 A/mm
2, 

the 6mm and 8mm coreback depth 

designs have the highest achievable torque density due to the increased rotor radius, 

improved magnetic loading and reduction in iron used. However, a lower torque ripple 

was observed at a depth of 8 mm, and hence it is chosen to be the optimum design of 

this machine. 
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7.4.3 Slot Opening Widths 

It is apparent from the torque against current density for various slot opening widths 

shown in Figure 7.7 that torque increases in proportion to slot opening up to a width of 

8mm. Above 8 mm width results in a torque drop. This is because lower slot opening 

widths in this particular machine allow an undesirable flux path in the tooth tip and very 

high widths limit the linking flux as both tooth ends become narrower. This can be 

illustrated by the shaded flux density distribution plots for various slot opening widths 

as can be seen in Table 7.5. 

 

Figure  7.7. Torque Versus Current Density for Varies Slot Opening Widths. 
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Table  7.5. No Load Shaded Flux Density Distribution of Various Slot Opening Widths. 

Width 

mm 
No load Contour Plot 

Shaded 

Plots 

Scale 

4 

 

 

8 

 

12 

 

By taking the saturation point in to account, a 6 mm wide slot opening width results in 

the highest torques in the region below 10 A/mm
2
 and an 8mm width results in higher 

torques at the region above 10 A/mm
2
. Changing the slot opening width has an impact 

on the air gap harmonic spectrum; hence it is worthwhile investigating torque ripple. 

The torque ripple resulting from different slot opening widths at 15 A/mm
2 

applied 

current density were obtained. Figure 7.8 shows the torque density and ripple with 15 

A/mm
2
 for different slot opening widths.  
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Figure  7.8. Torque Density and Torque Ripple at 15 A/mm
2
 Applied Current Density for 

Various Slot Opening Widths. 

From Figure 7.8, the highest torque density achieved at a slot opening width of 8mm 

because of the improved magnetic loading described earlier. The lowest torque ripple 

was also observed at this width due to its lower associated harmonic contents in the 

generated Back EMF. For these two reasons, 8 mm width was classified as the optimum 

design point here. During this investigation, it has been concluded that the iron of the 

tooth is best utilised when the inner surface of the tooth end is enclosed by the outer 

surface area in between the edges of any two magnet poles. This can be indicated by the 

dotted lines in the counter plot at 8mm slot opening width in the table. 

7.4.4 Tooth Split Width  

Torque against current density for various tooth split widths has been obtained and 

shown in Figure 7.9. 

 

Figure  7.9. Torque Versus Current Density for Various Tooth Split Widths. 
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both tooth ends become narrower and hence less flux is going to be linked because they 

get saturated quicker. These two conditions result in a lower air gap flux density hence 

magnetic loading. This can be illustrated by the shaded flux density distribution plots 

for various tooth split widths in Table 7.6. 

 

Table  7.6. No Load Shaded Flux Density Distribution of Various Tooth Split Widths. 

Width 

mm 
No load Contour Plot 

Shaded Plots 

Scale 

2 

 

 

8 

 

14 

 

The torque density and torque ripple resulting from different tooth split widths at 15 

A/mm
2 
applied current density were obtained, compared and shown in Figure 7.10. 
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Figure  7.10. Torque Density and Ripple Achieved at 15 A/mm
2
 at Various Tooth Split 

Widths. 

Figure 7.10 shows that 8mm tooth split width has the highest torque density and lowest 

torque ripple, hence it was chosen as the optimal design. 

7.4.5 Tooth Split Depth 

Torque against current density for various tooth split depths has been obtained and 

shown in Figure 7.11. 

 

Figure  7.11. Torque Versus Current Density for Various Tooth Split Depths. 
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Table  7.7. No Load Shaded Flux Density Distribution of Various Tooth Split Depths. 

dts 

(mm) 

No load Contour Plot Shaded 

Plots Scale 

1 

 

 

5 

 
9 

 

The torque Density and torque ripple obtained with a 15 A/mm
2 
applied current density 

are shown in Figure 7.12. 

 

Figure  7.12. Torque Density and Ripple Achieved at 15 A/mm
2
 at Various Tooth Split 

Depths. 
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A tooth split depth of 5 mm achieves the highest torque density and a correspondingly 

low torque ripple as can be illustrated from Figure 7.12, and hence is has been chosen as 

the optimum depth at this investigation. 

7.4.6 Tooth Tip Depth 

The idea of the tooth tip was implemented after several attempts of trying to increase 

the width of the tooth end that is shown as B in Figure 7.13 in order to allow it to carry 

more flux (ideally to be half the tooth width). This was carried out after concluding the 

need of enclosing the inner surface area of the tooth end in between the surface area 

above the line A in the figure during the slot opening investigation. This was 

successfully achieved by an increase of 33 % as can be illustrated by the length of C in 

the figure. 

 

Figure  7.13. Split Tooth with and without Tooth Tip.  

 

Torque against current density for various tooth tip depths has been obtained and shown 

in Figure 7.14. 

 

Figure  7.14. Torque Versus Current Density for Various Tooth Tip depths. 
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torque. However, the increase is notable up to 2.5 mm depth, after this any further 

increase in tooth tip depth will only increase the iron mass. This is a result of allowing 

an improved flux path and hence magnetic loading. This can be illustrated by the shaded 

flux density distribution plots for various slot tip depths shown in Table 7.8. 

Table  7.8. No Load Shaded Flux Density Distribution of Various Tooth Tip Depths. 

dtt 

(mm) 
No load Contour r Plot 

Shaded 

Plots Scale 

0 

 

 

2.5 

 

3 

 

From the contour plots shown in Table 7.8, it can be seen that more flux was allowed to 

be linked by introducing the tooth tip as less flux density saturation achieved at the 

tooth end iron and more flux at the middle of the tooth iron. 
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The torque density and torque ripple percentage for different tooth tip depths for 15 

A/mm
2 
applied current density are shown in Figure 7.15. 

 

Figure  7.15. Torque Density and Ripple Achieved at 15 A/mm
2
 at Various Tooth Tip 

Depths. 

From Figure 7.15, a tooth tip depths of between 2.5 mm and 3mm achieve the highest 

torque density. However, a tooth tip depth of 2.5 mm showed less torque ripple, and 

hence it has been chosen as the optimum design here. 

 Rotor Dimension Impact on Torque Density 7.4

The key dimensions of the rotor are shown in Figure 7.16 and described in Table 7.9. 

 

Figure  7.16. Rotor and Magnet Dimensions of the STPM Machine with Concentrated 

Magnets. 
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Table  7.9. Rotor and Magnet Dimensions Description. 

Symbol Description 

Dro Rotor Outer Diameter 

Dri Rotor Inner Diameter 

Bmu Magnet Upper Bridge 

Bmb Magnet Bottom Bridge 

—m Magnet Span 

hm Magnet Height 

Wm Magnet Thickness 

The magnet upper and bottom bridges have been fixed at 1.5mm and 1mm respectively 

in order to be mechanically strong; based on the analysis in Chapter 8. However, the 

rotor outer diameter, rotor inner diameter, magnet width and magnet height have all 

been varied. 

7.4.1 Magnet Height 

This section considers effective magnet utilisation through optimisation of the magnet 

height; Figure 7.17 shows the rotor structure when the magnet height is changed from 

6mm to 18mm and the arrows show the direction of magnetisation. 

 

Figure  7.17. A Cross Section of the Rotor of Different Magnet Heights. 

Although several heights have been investigated during the simulation, only the viable 

solutions will be shown in this section. Figure 7.18 shows torque against current density 

for various magnet heights, which is increased by 6mm each time.  
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Figure  7.18. Torque Versus Current Density for Various Magnet Heights. 

From Figure 7.18, it can be seen that increasing magnet height from 6 mm to 12 mm 

results in a significant increase in torque with longer magnets having a lesser effect. In 

addition, the ratio of increased torque to magnet mass was assessed at different heights 

at 15 A/mm
2 

applied current density. It was found that increasing the magnet height 

from 6mm to 12 mm results in 143% increase in torque for 100 % increase in magnet 

mass. However, only 16.5% increase in torque for a 50 % increase in magnet mass was 

achieved by increasing the magnet height from 12mm to 18mm. Furthermore, less than 

1 % increases in torque achieved by magnet heights above 18 mm. 

This is because increasing the magnet height increases the mass and surface area of the 

magnet, and hence the flux density in pole piece, air gap and stator tooth. However, due 

to a fixed toothôs surface area, this increase in flux linkage with magnet height will 

eventually result in no further increase because the iron of the stator tooth becomes 

significantly saturated.  

This can be illustrated from the peak flux linkage obtained per phase for different 

magnet heights as shown in Figure 7.19. 
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Figure  7.19. Variation of Peak Flux Linkage of the STPM Machine with Changing 

Magnet Heights. 

From Figure 7.19, it can be seen that the flux linkage increased by 26 % from 10mm to 

12mm heights, 20 % from 12 mm to 18 mm to where it starts levelling off and any 

further increase only results in less than a 1 % increase in flux linkage. Hence; itôs 

decided that a tooth width between 18 mm and 20 mm should be considered to find the 

optimal height.  

In Figure 7.20, comparison charts of torque density and torque ripple were obtained for 

different magnet heights with 15 A/mm
2 
applied current density. 

    

Figure  7.20. Torque Density and Ripple Achieved at 15 A/mm
2
 at Various Magnet 

Heights. 
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The peak torque per magnet mass for different magnet heights at the optimised current 

density of 15A/mm
2
 is shown in Figure 7.21 for indicating a ratio index to be 

considered for future work. 

  

Figure  7.21. Torque to Magnet Mass Index at 15 A/mm
2
 Applied Current Density 

for Various Magnet Heights. 

From the figure, it can be seen that the highest torque to magnet mass is achieved at a 

magnet width of 12mm. This is due to the improved utilisation of the rotor magnetic 

circuit. 

This rotor topology does not exhibit demagnetisation even during the over loading 
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following chapter. 
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7.4.2 Magnet Thickness 

The magnet thickness (in the direction of magnetisation) has been varied as can be seen 

in Figure 7.22 in order to conduct an investigation on the impact of magnet thickness on 

the achieved torque density. 

 

Figure  7.22. A Cross Section of the Rotor of Different Magnet Thickness. 

The impact of changing the magnet thickness on the machineôs flux linkage is 

investigated here. A wider magnet reduces the rotor pole width as shown in Figure 7.22. 

Figure 7.23 shows the no-load flux linkage per phase for different magnet thicknesses. 

  
Figure  7.23. Variation of Peak Flux Linkage of the STPM Machine with Changing 

Magnet Thickness. 
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This is because of the saturation in the new smaller pole piece from the excessive MMF 

generated by thicker magnets; this saturation also restricts the amount of flux that can 

be transferred through the new smaller outer pole piece. 

Although, 4mm thickness has been found to achieve the best flux linkage before the 

saturation of the iron, an investigation on the magnet thickness impact on torque is 

essential. A comparison of static torque against current density for varying magnet 

thickness is shown in Figure 7.24. 

 

Figure  7.24. Torque Versus Current Density for Various Magnet Thicknesses. 

At 15 A/mm
2 

applied current density in Figure 7.24, it can be seen that, in the range of 

2mm and 4 mm, an increased torque of 66 % is achieved for 50 % increase in magnet 

mass, and 12 % between 3 mm to 4 mm for 33 % increase in the magnet mass. 

However, any further increase in thickness results in a reduction in torque due to the 

saturation in the rotor iron. A comparison of torque density and torque ripple achieved 

at different current densities for varying magnet depths is shown in Figure 7.25. 

 
Figure  7.25. Torque Density and Ripple Achieved at 15 A/mm

2
 at Various Magnet 

Thickness. 
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From the figure above, the highest torque density has been found at a magnet thickness 

of 4 mm. This is because of the high flux density and proper iron utilisation in this 

design. Moreover; the lowest torque ripple is achieved at 4 mm, and this is because of 

the smother spatial harmonics in the air gap from this thickness, resulting from the 

narrower pole piece. 

Although Figure 7.26 illustrates that increasing the magnet thickness reduces the torque 

to magnet mass, a balance between the magnet mass and the flux linking of the coil is 

needed in order to achieve high flux density, improve iron utilisation and to avoid any 

waste in the costly magnets. 

  
Figure  7.26. Torque to Magnet Mass Index at 15 A/mm

2
 Applied Current Density for 

Various Magnet Thickness. 

By considering the torque density, torque ripple and flux linkage, a 4 mm thickness is 

chosen to be the balanced optimal choice for this machine. In addition, this magnet 

thickness resulted in optimum rotor pole widths of 7.2 mm and 4.4 mm at the outer and 

inner radii respectively. 

 Inner Stator Dimension Impact on Torque Density 7.5

The inner stator is shown in Figure 7.21 and described in Table 7.10 
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Figure  7.27. Inner Stator Dimensions of The New Split Teeth PM Machine. 

 

Table  7.10. Inner Stator Dimensions Description and Definition. 

Symbol Description 

Diso Inner Stator Outer Diameter 

Disi Inner Stator Inner Diameter 

—ist Inner Stator Tooth Span 

—iss Inner Stator Slot Pitch 

diss Inner Stator Slot Depth 

wist Inner Stator Tooth Width 

discb Inner Stator Coreback Depths 

The inner stator tooth width, slot depth and coreback depth have been varied during this 

investigation and their impact on torque density explored.  

7.5.1 Tooth Width  

A torque against current density plot for differing tooth widths is shown in Figure 7.28.  

 
Figure  7.28. Torque Versus Current Density for Various Inner Stator Tooth 

Widths. 
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