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Abstr a

Giventhe recent interest in the replacement of internal combustion engiheelectric

machinesthe main aimof this research is tdesign a high torque density permanent
magnet machine to an electric vehiclé specifcation A new design concept for
increatng the torque density of a conventionglermanent magnemachine is
introduced and described theoretically and mathematicale proposedmethod
involves splitting the stator teeth in order to introduce a magrgar ratio into the
torque equation. The introduced machimalso further modified to improviés magnet

utilisation.

An investigationis carried oubn the impact of different slot to pole combinatsoon

torque densityandan optimum combination fown

Thereafter, two optimisatiomethodsare applied The first methodis carried out
manually by varyinga single parameter and investiomg its effect on torque density
The second methods conductedautomaticallyusing OptiNet to validate the results

achievedwith the manual optimisation.

Further analysis iscarried out including mechanical evaluation against centrifugal

forcesin order todetermine the mechanical strength of the rotor.

Finally, a prototype is constructed and testeith detailed discsssion onthe results
achievedandcompaisonwith finite element calculations in order to validéte design
and determinds level of performanceThefinal design is then compared ttee Toyota

Camry and Prius electrical motors.
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Chapter 1. Introduction

1.1 Background

Atmospheric carbon dioxide has doubled its levels sincangiestrial times and in

order to stabilise it, a serious emission reduction is required globally by all industrial
sectors. The electricitgector has played a huge part in this, so its contribution to
emission reductions is essential. Electric motors account for a large proportion of
electricity consumpion [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 glob 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 regu[&tidndHigh efficiency
machines play a strong role in saving energy and lower energy consumption decreases
operation costs and increases environmental sustainability of drive syRer@ls
Designing an energy efficient motor requires consideration of many variables such as
performance, frequencypltage, test methods and cofi§)]. Efficiency gains can be
increased through the development of different machine constructions and new
materials, and considerations must be taken into accounipfysmachines at their

rated voltage[1l, 12]. Hence this project explores ways of designing a high
performance electric motor which can be used in automotive applicaspesifically

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 mobilityespecially if renewable energy is ugég.

1.2 The Research

This project was carried out withthe PoweiElectronics, Drives & Machines Group at
Newcastle University. It explores a novel machine topology to achieve tbigue

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 applicatlmnsedulting

1
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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 vehi¢lel]. 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 raoiyelectric, or hybrid electric

vehicles, with an emphasis on:

=4 =2 A4 4 -4 -4 -4 -5 A -2

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

Increasd energy efficiency

1.3 Contribution to Knowledge

The work carried out in this thesis has provided new ingigbthe following:

T

A greater torque per unit volume was achieved from a new permanent magnet
machine with surface mounted magnets. This machindvedahe splitting of

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

A modified design of theaew machine using concentrated magnets and two
stators waglsodesigned, optimised, constructed and evaluated.

An optimisation method waappliedusing a parameterised modelachieve the
maximumtorque output for a fixed current density. This method optimises every
vertex of the machine to provide the best possible dimensiogwe accurate
results

An improved magnet iisation has beeprovenusing an inner stator to redirect

leakage flux to link the cail
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1 An improved mechanical structure for the flux concentrated magnet topology
was achieved and discussed.

1 An improved shaft design for conventional rotors that rotatbetween two
stators was achieved and discussed.

1 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.

1.4 Published Material

1. Alamoudi, Y.A, Atkinson, G.J., Mecrow, fiTorque density permanent magnet
machine for automotivepap | i ¢ at i oXX&holnternatiGhil NLonference
on Electrical MachinesBerlin, Germany, 5 September, 2014.

2. Alamoudi, Y.A, Atkinson, G.J., Mecrow, fiTorque density permanentagnet
machine ér automotive ppl i cati ons o0, | ET, I nt er nce
Electronics, Machines and Drives, Manchester, UK, April, 2014.

3. Alamoudi, Y.A., Atkinson, G. J., Mecrow. i N e vorqleidensity germanent
Magnet Machineso, | R&E Bgtobel E2OMntredl,0 1 2 ,
Canada.

4. Alamoudi, Y.A., Atkinson, G. J., Mecrowj A new desi gn <conc
torque permanent magnetant hi nes o0, | ET, "mntemationd 01 2 ,
Symposium on Environmesfiriendly Energies and Applications, Newcastle
upon Tyne, UK, June012.

5. Alamoudi, Y.A., Atkinson, G. J., Mecrowff Hi gh t orque densi
magnet machine for automotivgp@ | i cati ons o, | ET, I nt
Power Electronics, Machines and Drives, Bristol, UK, March, 2012.

1.5 Objectives and Overview of this Thes

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 thhe new
finishing with the studyconclusion The thesis stastwith an introductionto the

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

1 Chapter 1. This chapter gives an introduction to the thesis, provides a

3
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backgroundo electrial machinesdescribesome of the more important points
in the research field of electrical machine desggnphasiseghe importance of
this researchalso the work publishedduring theresearch,and the presents
s t u adbjedtises angivesan overviewof this thesis.

1 Chapter 2. A literaturereview on various types of electric vehiclesprovided
in this chaptedescribingthe backgroundand various typesf electricvehicles
and how ther use affects the environmentAlso the challenges faceid the
development oEVs arehighlightedhere.

1 Chapter 3: Different types of electrical machines usedelactric vehiclesare
described along with their advantages and disadvantages. Different rotor and
stator topologiesn PM machines arédiscussedor the pupose of designing a
novel PM machine topology. Performance comparison between different
machines using FEnalysiss also reviewed here.

1 Chapter 4: This chapter describes a novel PM machine design using theoretical
and mathematical explanation§he propsed machine isalso designed,
analysed andevaluated usingTwo-Dimensional 2D) Finite Hement (FE)
simulations and it is then compared to a typical convectional brushless PM
machine of the same dimensions in regard to their torque densities.

1 Chapter 5: A modified design of the new permanent magnet machine shown in
chapter 4is proposed herevhichwas designed using 2D FE and compared to
thepre modified design

1 Chapter 6: A performance comparisorf different slot to pole combinations
the new desigrtopology isgivenin this chapter. The comparison is carrad
by using 2D FE simulations to design and aralgdferent slot to pole
combinationsin order to find the optimuntombination. Two optimisation
methods are described anskd to improve the prmance othe machine with
the chosen combination. The fixed and variable parameters used during the
optimisation are also shown here.

1 Chapter 7: In this chapter,nvestigationsare carried oubn the impact of
varying the dimensionson torque density usg the first optimisatiormethod.

This is accomplishedn order to find the initial optimum design manually
including thedimensions ofhe outer statgiinner stator and rotor. The impact of
the presence of the inner staitoalso observed here.

1 Chapter 8 The manual optimisation is compared here to tDptiNet

4
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optimisation andhe final design is thedefined. In addition, the method used to
determine the mechanical strength of the rotor is explained, famder
investigations on the final desiginealso assessed here

1 Chapter 9: The process of building the novel PM machine prototype is
describedin this chapter along with the assembly process, which includes the
case, windings, shaft and bearings.

1 Chapter 10: In this chapter an account is given bettest rigs used arttie
performance result®r the novel PM machine prototype. The results are also
comparedo existingcommercially availablenachines

1 Chapter 11 A summary of the researad provided in this chapter along with

theconclusiors. Posdble future research thendiscussed.
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Chapter 2. An Overview of Electric Vehicles

This chapter discusses the recent increased interest in the replacemnieterrdl
Combustion Engine &hicles (ICEVS) within Electric Vehicles (EVs). An overview of
current EVs isalso 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 allenges and performance requirements associated with the design of

EV motors are detailed.



Chapter2 An Overview of Electric Vehicles

2.1 Introduction

The concept of EVs is not new. They were first conceived alongsidéntamnal
Combustion Bgine (ICE) in the 19 century and were coitered a contender to the

ICE for some years. And althougbetrol 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 advantahesssa selftarting
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 associatedith ICEVSs.

Interest in EVs started to decline by the2@9 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 sanmeti cheappetrol 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 subsequentlyeghin popularity across the world.

EVs in the other hand were mainly employed for low speed vehicles forrahge use,

such as golf carts.

Interest in EVs never faded completely, and further enthusiasm for EVs was shown
whenever specific problems aroséh 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 followingnain reasongl5, 16]:

1 The latest rounds of environmental awareness and energy concerns, as ICEVs
have been fountb be the main source of urban pollution according to figures
released in the U.$17, 18].

1 Theneed to reduce gendency on imported foreign crude. olil

1 The improvement in motor design and the power electronics associated with
EVs.

9 The advances in lithiusron batteries

The use of regenerative braking rather than friction braking as in ICEVs.
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1 Although EVs are more @ensive 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 exampleHybrid Electric \ehicles (HEVs) have been very popular
recently due to their unigg 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 1998, 20].

2.2 Electric Vehicles

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
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 mmimise 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 hging t
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 ICEVSs. In
this compression stroke, the intake valve does not close until the piston stegsup

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 12L 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 inthe 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

8
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compresses the mixture of air and fuel to 0.1L before combustion takes place. After the
power stroke, the pish is pushed to the bottom of the cylinder leaving a volume of
1.2L of exhaust. This resalin the exhaustion ratio being more than the compression
ratio (10:1<12:)

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 presdue Eia).
However, the Atkinson cycle has less volumedV¥ Via), and hence less fuel. In
addition, the Atkinson cycle has less pressure inside the cylinder during the power
stroke P.o > P2a) and less pressure during the exhaustion stfBke> Psa). 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 HEVSs.

Intake Outlet
Valve Valve

1=+ L=t ==t —L
121 1L
\\ 1 121
Intake Compression Compression Power Exhaust
Figure 2.1. Four Strokes of the Atkinson Cycle.
-ttt TTTT T T T T I T T T T T T T T T T T T I
| Otto I Atkinson I P1O=PIA
1 Cycle | Cycle |
! I - I VIO >VIA
! P10, P20 P30 | Pia, P2a P3A I
: Vio I Via 1 P20 =P2A
|
| | 1 P30 >P3A
! | I
! | I
! | I
! | I
: I |
; |
| Compression Power Exhaust | Compression Power Exhaust I
L e o e e e e e e - — S 4

Figure 2.2. Comparison of the Otto and Atkinson Cycles

Figure 2.3 shows a HEV from BMW (model i8).
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Electric Motor with Body Surface
Power Electronics

Internal Combustion
Engine with

Lithium-lon Fuel Tank Transmission
Battery

Figure 2.3. Series Hybrid EV [21].

The fuel economy in terms of Miles Peall®@n (MPG) achieved by HEV usinggtrol
or diesel for both city and highwayatrelling are shown and compared with that of
ICEVs in Figure 2.422].

55
50

45
g |
S 35 m City
30 m Highway
- 4 |
20

CE ICE (Diesel) HEV HEV (Diesel)
(Gasolme) (Gasoline)

Figure 2.4. MPG Comparison for Different Types of Vehicleg22].

It can be seen from the figure above that HEVs achieve higher foebmy than
ICEVs both in cities and highways.

The sources of power can be connected using different topologies, and therefore, HEVs
canbe classified as series hybrids and parallel hybrids. However, given the increase in
their variety and complexity, HEV&ave been further classified as sdmesallel

hybrids and even complex hybrids [1]. Hybrids have also been categorised as micro

10
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hybrids, mild hybrids and full hybridslepending on their operating features and power
levels[18, 19, 23].

A.  Series Hybrid Electric Vehicles

Here an ICE drives a generator which rjes 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 ordey tharge 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 thelectric motor. The motor is then connected directly to the

wheels through transmissions and differentjals 23].

Other 12V
Actuators

Intemal
Combustion
Engine

Motor ) f
Controller Electric Trans-
and Motor mission
Inverter
]

..........

f Propulgion
System
Controller ] [ Control

Alternator

Interface

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 sysi2i 24]. Figure 2.6 shows this

arrangement.

11
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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 #& asatithe
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 efficj@bry

Figure 2.7 shows the configuration of the system.

Internal ( k ( h
Combustion Mechamcal < > Rlametary C Differential Vehicle
Eigi Coupling Gear
ngine L ) L R )

N 3

y y

' N ' N f ~N
Electrical Electrical i
Electrical
Generator Bus Motor
N J N J . J
Battery
—

Figure 2.7. Series/Parallel Hybrid EV[25].
D. Plug-In Hybrid Electric Vehicles

Industrial, academic and government agencies considefirpldgVs (PHEVS) to
be the most advanced form of HE®6-29]. PHEVS use an external plug 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 fo
longer[22, 30-33]. Figure 2.8 shows the configuration of parallel PHEVSs.
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Figure 2.8. Plug-In Parallel HEV Configuration [21].

E. Crankshaft Mounted Integrated St#er/Generator (ISG) SysterBased
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 waypesstthe ICEoff

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 manyadvantages. 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 bfakig).

There is also a sidmounted ISG system. This system uses a conventional generator

that can also operate as a motor and provide torque to the drive wheels vi2 § belt

13
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Figure 2.9. Crankshaft Mounted ISG SystemBased Hybrid Vehicleg[21].

2.2.2 Pure Electric Vehicles

Pure EVs use one source of energy arelnow becoming more prevalent. Compat
such as Nissan, BMW and Tesla have commercially available systems. The Te
the best driving performance for a pure EV, achievirg)Onph in 3.2 seconds and
drive range of up to 312 mild87]. Figure 2.10 shows the condigation of this systen
and Figure 2.11 shows a Pure EV that is made by Tesla (model X).

Battery

Electric

H Charger Converter |— Motor Differential

External Plug

Figure 2.10. Pure EV System[32].
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Body Surface

Power
Electronics

Lithium-lon
Battery

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 emissionsth 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 ugéd).

2.3 Challenges Facing the Design of EVs
The main challenges that face electric vehicles are as folllbv89-42]:

- 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 thauidffuels,
the ratio of battery storage mass to full vehicle mass will be incr¢43ed

Table 2.1. Energy DensityComparison of Different Materials.

Type Energy Density (MJ/KQg)
Lithium-lon Battery 0.8
Nickel-Metal hydride Battery 0.288
LeadAside Battery 0.17
Hydrogen 60
Diesel 48
Gasoline 44 .4
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- EV charging stabns: 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 deliveng 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
Tesl ads models and only a | imited numbe

- Performance (torque density aefficiency), 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 #wheel drive.

- The cooling system: the battery and power electroniesadg at temperatures of-70
75°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 syftdin

2.4 Electric Machines for Electric Vehicles

EVs have two different types of drive train: direct and geared. In ttez, lgte drive is
connected to the veel shaft through differentials, while in the direct type the motor is
placed inside the wheel for a directvimeel drive. Each layout has its own advantages

and disadvantages.

An ICE uses a geared transmission to extend the torque speed characteuistitat

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 gharts an
less weight on board the vehicle as a result of the elimination of the gearbox and clutch
systemd 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 inwheel motor design eliminates the differential. However, this type-ofigel
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 motond¢o
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vehicle, especially considering the complex control system requirechdel drives are
designed to operate at high torques of more than 200 Nm and low speeds of less than
1500 rpm, and Figure 2Xhows an irwheel drive trairf45-53).

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

2.5 Electric Motor Performance Requirements for EVs

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 chosetraction have to overcome the weight of the vehicle, aerodynamic drag

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

T The wei ght of the vehicle: it i's ver.y
to a minimum. The battergacks 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 Newtonds sec
to determine the faes, Ohrequired to increase the speed of a vehicle of given

mass over a given period of time:
o Q4 — 2.1

where'Q is the compensating factor for the added inertia caused by the rotating

components of the vehiglé is the mass of the vehicls, is its velocityand

— isits acceleration.
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"O equals zero if the vehicle is not acceleratirg-(= 0 ).

Using O above, Equation 2.2 can be determined as:
0O 0 0O 2.2

"O is the traction force produced by the electric motor and the traction system,
and 'O is made up of the road forces and can be obtained by adding the

following three forces to each other.

1 Aerodynamic drag forceshese represents the viscous resistance of the air
when it I's acting against the vehicl
how to calculate it:

O -0 U 0660 2.3

where™O is the aerodynamic drag forcerepresents the air density in &g/,
OVis the wimd&s twel ovceihtiyc,l eds drag coe
0.4) and0 is the front area of the vehid&7, 54].

T Rolling resistance forces: rolling r
contact with the surface and it is very important that it is accurately determined.

Equaton 2.4 below shows how to calculate the rolling resistance force
O Q a Q 2.4

where "Qis the resistance coefficient for a rolling tyre, which changes with

different speeds and surfaces &g the acceleration constant due to gravity.

1 Gradient force: this is the force caused iy Yehicle climbing up a hill and can

be calculated as shown in Equation 2.5 below:
O a 'Q OEIl 2.5

where™Ois the gradient forcey is the mass of the vehicl&the acceleration

constant due to gravity andthe angle bieveen the road and level ground.
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Using Equations 2.6 below, the torque required of the electric nidtor, hcan

be calculated where is the wheel radius
Y O i 2.6

The power required by the motor canoale calculated using equation 2.7 and

2.8 where] is the angular velocity of the vehicle:

€ 0 QY 1 2.7

C

E0QIO U 2.8

C

2.6 Challenges of Electric Motors for EVs

When designing an electric motor for Epdications, some challenges have to be
given careful consideration. The most significant challenges are the following

requirement$17-21]:

1. High power and torquéensity.

N

A wide speed range is required at constant power, of the orded ofhgs the
base speed as can be seen in Figur 2.

High starting torque.

A high level of reliability.

Robustness.

Intermittent overload capability (for overtaking).

Acceptablecost.

Minimal torque ripple and audible noise.

© © N o o b~ W

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 pesgred 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 PowerSpeed Curved55].

The three operating regions illustrated in Figurgé3zare, 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 whithe rated torque starts to drop at the base
speed point.

At the base speed, the inverter voltage limit is [@&f 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 employedhrough which the ang 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 incredmesdnstant 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 powtreahachine constant.
The machine phasor diagrams at base speed and during field weakening are shown in

Figure 2.1 a) and b) respectively.
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v Limit .
Vi imit

a) Field Weakening

a) Base Speed

Figure 2.14. Phasor Diagrams at Base Speed and During Field Weeaking.

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 pogtth

The torque drops by the square of speed in this rg@iori8, 20, 55].
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2.7 Drive Cycle

The driving cycle refered to here is the test driving cycle that is composed with
standardized speed and road slope profilHsis is used in order to evaluate the

palution emissions and fuel economy of the ICE.

This cycle can also be used for the comparisoaf HEVs with ICEVsin terms of

dictatingcost, fuel consumption and battery contribution to run distances

The New European Driving Cycle (NEDC) shown in FigurEsZepresents the driving

pattern of vehicles within the European region.

140
4 repeats of a low speed urban cycle

120 ‘
\ Highway driving ﬂ \
\

g100 v
E g0 ;

‘gsof \{_l\r_/
& 4 n n n n {/ ‘—g\\
N AR AR: VAR YAV

NITRTRITATRITATRITATAY b
0 200 400 600 800 1000 1200
Time (s)

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

It can be seen from the figure that the NEDC is made upvofrégions. 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 knmj/6]. The NEDC vas proposed in order to be used

for testing vehicles for the measurment of emissions and perforrftarjc& he 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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2.8 Conclusion

The numbers of EVs deloped 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 efficiencyower energy consumption and
reduced C@ emissions. Cafal 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 requirementsnclude high performancerapid acceleration, good fuel economy,

low cost and a transient pEnse 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 saenergy 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 (higbwer 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 mayibeolved 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 tba&pability, size, lifetime and cosf its battery, safety
features, the availability of chargjrstations, 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 thatiiect or gearedwhere the former is sited
inside the wheel and the gedrtype is connectett o t he wheel 0s S |
differentials Although inwheel drive trains eliminate the use of differentials, they
require complex control systeamTheweight of the vehicle, aerodynamic drag forces,
rolling resistance forces and grawt forces should be determined in order to give the
ratings of the motor required. Alsearious 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 sgerange,high starting torque, reliability,
robustness, overload capability, cost, minimal torque ripple, controllability, high
efficiency and good voltage regulatioh.drive cycle is shown toepresent the driving
pattern of vehicles within the Europesagions which is used when testing vehicles for
emissions. The electric motor shoaldo 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) comarison 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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Chapter 3. Electrical Machine Topologiesfor EVs

A survey of existing EVs has been presente@lapter 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 advamtsgand disadvantages of each type, and a

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

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

types which are viable f&V applications. They af4]:

1. DC machines.

2. InductionMachines (IM).

3. Switch ReluctanceMachines(SRMs) andSynchronousReluctanceMachines
(SyncRMs).

4. PermanenMagnetMachinegPMMSs).

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 themseglbe further classified into subgroups as shown in

Figure 3.2.
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EV dlriw:s
[ ]
Brushed Bma{u less
[ I ] | | |
Self-excited Separately Induction M
DC Dc SR brushless
I 1
Series Shunt  Field PM PM Hvbrid-field
excited excited excited excited

Figure 3.2. Classifications of the EV Driveq24].

A wide range of these machines are used by various manufacturers of EVs and HEVSs.
Modern vehicles tendbtuse 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 |thve
reliability they are nofavoured in the current market. More research has been carried
out recently in order to improve the operation of SRMs and to minimise theis@pst
Different topologies have been proposed and these are described later in this chapter.
Table 3.1 show 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 Manufactues Until Present[18, 24].

EV motors |CountryElectrigBatteryChargind Body
EV models Range Size | rate | Type
ToyotaPrius PM Japan| 11 @4.4kwh 3.3kW |Seda
machine miles
Ford focus Electric Induction | United | 76 23 | 6.6 kW |Seda
motor States g miles | kWh
America
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Tesla Roadster Induction | United | 244 |53kWh|(16.8kWCoupg
motor States g miles
America
PM Japan| 84 |24 kWh 6.6kW|Sedalt
machine miles
PM Japan| 62 [16kWh3.3kW|Sedar
machine miles

Hybrid  |German] 100 (22 kWh6.6 kW|Sedal
S Synchrono miles

............ us Motor

qm

Hybrid |German] 22 7.2 (3.3 KWCoupé
Synchrono miles| kWh
us Motor
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Cdaillac ELR Induction | United | 35 (16 kWh 3.3 KW |Coupé
e T ey motor  |States g miles
America
Mercedes BClass Induction (German] 85 [28 kWH10.0 KWSedat
motor miles

Induction (German] 22 9.4 |33KW |SUV
motor miles | kWh

Induction | United| 210 |60 kWH10.0 KW SUV

motor States g Miles | or or
Americal or [85 kWHh20.0 KW,
270
miles
Volkswagen EGolf Induction [German] 85 [24KWhH 7.2KW |Sedat
3 motor miles
PM South | 90 |27kWh 6.6kW [Sedatr

machine Korea | miles

29


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

Chaper3 Electrical Machine Topologies For EVs

Switch UK 50 [27kwWh|606kW| SUV
Reluctance miles
machine

Range Rover Defender EV

Looking at Table 2.1 above, it can be seen that IMs were mostly used by US and
European manufactures due tweit desire to not use PM materials that are mainly

controlled by the eastern world considering its availability and cost.

3.2 DC Drives

DC drives have been used for EVs and trains because of their simple control. However,
they are less reliable because of gbruand commtator wear and they have low
efficiency. They were used in electric vehicle applications in the early 1980s, but are not

used in modern vehicles.

3.3 Induction Machines

Induction machines (IMs) found in many EVs and HEVs because of their low cost,
reliability, relatively maintenaneee status and reliable efficiency in the constant
power regior{55, 59]. However, they suffer from the following disadvantages:

1 Low torque density, and hence they are preferable in high speed and low torque
applications.
Low efficiency at the low speed region.

1 A vector control needs to be implemented in IMs in order to achieveesired
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 modig4].

IMs are undergoing continuous development in order to improve their perforfitdhce

61], and the following developments are of particular importance:
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1 A new strategy of efficienepptimizing-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].

1 A new design incorporating an electrically poleanging scheme has been
developed for EV IMs. TIsi extends the constapbwer operating region to
over four to five times the base spgéd].

3.4 Switched Reluctance Machines
SRMs have been accepted for use in EVs because of the following advantages

1 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.

1 The cost is low due to its simple construction with only the need forainah
copper.

1 The torque speed characteristics are suitable for an EV.

The main dadvantage®f SRMs in comparison to other machsrexe lower torque
densityandthat theyexhibit high acousticnoiseand vibratios which arecaused byhe

machinehigh torque ripple

SRMsare also faced by other challenges sashthemanufacturingdifficulty due to
the small air gap requireaind therequirement of darge inverter for the controling
strategydue tothe low resultedpower facbr which canincrease the co®f the system
as a wholg24, 63]. They also suffer from high iron loss at high speeds.

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

are as follows:

1 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].

1 A phase advancing excitation technique has also been developed in the eonstant

power region in order to extend the base speed up to severj&né§).
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1 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].

1 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 €t5@]. and this configuration
is shown in Figure 3.3.

Non Magnetic Rotor
Support Structure

Stator Pole

'\_ Rotor Segment
\_Laminations

Figure 3.3. Segmental Rotor SRM59].

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

(c)

Figure 3.4. Three-Phase, 6/4 SRM. (b) FowPhase, 8/6 SRM. (c) On®hase 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.

Engine

SR machine stator

SR machine rotor

Flywheel
Rotor position sensor

(b) (c)

Figure 35.SRM wi th I ntegrated Flywheel and
Schematic, (b) the Rotor/Stator Without Windings; and (c) the Assembled Un[68].

3.5 Permanent Magnet Machines

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 relidbovtyever,

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 alwhhd&MF
waveforms[33]. One is the PM sine wave machine that has sinusoidal back EMFs and
armature current, whicis known as the PM synchronous machine (PMSM). The other

is the brushlses 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 mactiesigns to overcome these
challenges, and more importantly, to improve power and torque density. The prevalent

structures applicable for EVs are:

1 TheRadialFlux Machine (RFM)with magnets on the rotor and/or stator
1 TheAxial Flux Machine (AFM)
1 TheTranserseFlux 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 sortaceed

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
magnet 6s thickness since its permeability
directly exposed to the armature reaction field, which can cause some partial

demagnetization. The d and g axis inductances are equal and hence there is no
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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 surfac@unted PMs used in higdpeed

applications needsleeve to retain the magnets under high centrifugal force.

Interior PM Machineshave the advantage of naqual 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 aoef PM machine. It is most suitable for higpeed
applications where the magnets are well retained. Furthermore, due to the high level and
variation of the d and g axis inductances, this machine has a high level of suitability to
extend its speed rangeyload its base speed in the constant power region due to its flux

weakening capabilit{69].

Figure 3.7 shows the alternative RFM topologies with magnets on tibrewith both
surface placed PMs as seen in (a) and a general structure of interior placed PMs as
shown in (b), (c) and (dp5, 70, 71].

Figure 3.7. (a) Magnets on Rotor, (b, ¢ and d) Magnets Inside the Rot¢b5].
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3.5.2 The Radial Flux Machine (Magnets on Stator)

These types of machines have PMs on the sf@®r8] [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 statorearery robust, simple and suitable for higpeed
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 dtaor core backThese machines can have

three different topology arrangements regarding the placement of the magnets

1 Doubly Salient PM Mchines (DSPMMsyith the magnetplaced inthe stator back
iron as shown in Figure 3&). In this topology a magnes required for every three
teeth for a three phase machine while for every four teeth for a four phase machine
This topolay is suitablefor BLDC operation becaustne flux linkage variation
with each coil is unipolar and the back EMF waveform is zaal. However, a
more sinusoidal back EMF can be achieved by skewing the rotor to make it more
appropriate for a BLAC operatn. The torque density of this topology is relatively
poor in comparison to other conventional PM machbrexause of the unipalflux
linkage

1 Flux ReversalPM Machines (FRPMMsith the magnets placed on the inner
surface of the stator iraas shown in Figure 3.@). In this topology two magnets of
opposite polarity arenounted at each tooth surfasewhen the coil is excitedhe
field under one magnet is reduced while under the second magneteasecand
hence, this causes the salieatior to rotate toward the stronger magnetic fialad
for the rotorto continue its rotation, thitux linkage inthe coil reverse direction.

This topology exhibits a low winding inductance because the flux linkagation

is bipolar while the back EMF waveform is trapezoidal. The magniiis topology

is vulnerable to irreversible demagnetization because of its location. In addigon, th
torque density is compromised héecause the air gap flux density is limited by the
magnets.

1 Flux Switching PM Machines (FSPMMs)with circumferentially magnetised
magnetssandwiched betweea U shaped lamination segments in the stator as
shownin Figure 3.8 (c). The magnetisation direction of the magnets is reversed
from one magnet to the nexh addition, the armature reaction field on the magnet
working point is minimal in this topology because tbé magnetocation This

36



Chager3 Electrical Machine Topologies For EVs

machine benefits from higiorque density because of its increasésttric loading
This topology is appropriate for a BLDC operation becaafsés sinusoidalback
EMF waveform

Stator

(b)

,

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
compriseof three different arrangements. These are a sistg®r and single rotor, a
doublesided stator and a single rotor, or a double rotor and a single stator. All
arrangements are on an axial st48k-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 &igh torque density, slotless stator andsanall cogging force. The main
disadvantages are that they aspensive and that the winding inductance is small for

the large effective air gap, which limits the constant power speed [rB8 @b .

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 3.10shows a novel design of an AFM that was published by Ho ¢84l.
which was designed for iwheel applications for EVs. In this figure, (a) shows the
machine when assembled; while (b) shows a disassembled view. In thosgufafesign

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.

PMs

Quter rotor
Stator

Ferrite segments Winding

(a)

PMS Eorrite conmente Stator  Winding  Outer rotor
Outer rotor Ferrite segments

(b)

Figure 3.10. (a) Assembled View, (b) Disassembled Viel@4].
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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 acH@®€&]. Due tothe 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 fE&3p04].

The low power factor is a significant disadvantage as it overrates the VA of the inverter
and the large ge number requires a high operating frequency that has the effect of

' i miting the machinesd speed ranges.

Figure 3.11. Two Pole Section of a Single Phase of TFM and an Axial View of a the Statc
(8.

Comparisons between RFM, AFM and TFM have been published in three r¢9ews
97]. All favour the RFM for basperformance. TFMs have been shown to have a poor

power factor, which limits their use to low speed applications.

40



Chaper3 Electrical Machine Topologies For EVs

3.6 FE Analysis Comparison Between a PM Machine Used in an Existing HEV

and Other Investigated Alternatives

In this section, a performance coanigon of an interior PM machine, an IM and an
SRM is carried out. The interior PM machiaealysedis that of the Toyota Prius
HEVs, whereas both the IM and SRM were optimized and developed to maximize
torque output electromagnetically using 2D FE analysolutions 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 b@a@ble. Half of a crossection 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 HE8] 99|, (b) shows an 8 pole IM that

was validated for comparison in two studi@80, 101] and (c) shows an 18 /12 stator to

rotor poles SRM discussed and validated for comparison in a further] $Q&@y

(¢) Switched reluctance motor

Figure 3.12. Half Cross-Section of (a) PMMachine, (b) SRM and (c) IM[100, 107.
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Table 2.1 addresses the geometry and dimensions of the three machines and, in order to
be comparableall three share the same outer stator diameter, rotor inner diameter and
axial length. However, they vary in the rotor outer diameter in order to rheet t
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 achie®ing
highest efficiency. In additigra cost comparisors shown in the tablevith the PM
machine being the most expensive witile SRMis being the cheapest. This is due to

the cost othe permanent magnet

Table 3.2. Parameter Comparison of PMMachine, SRM and IM[101, 103.

Parameter PM SRM IM
Outer Stator Cameter (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 15
Axial Length (mm) 84 84 84
Stator Core Weight (KQ) 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 designeat fspeeds 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 1500pm and 6000 rpmat Maximum Power

[102.

Figure 3.13 illustrateshat 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 Wh increasing the speed. Alémm the figures abovesopper

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, antdis$ 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 dhe flux. Although the SRM has the highest torque density
achieved, itis 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 EVsonsidering 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.

3.7 Principle of PM Machine Design.

Due to the high torque densitynéh 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 iappbns, as well as in some of the largest
machines available worldwide, such as direct drive wind turbines and large ships

propulsion systemgl03-10€.

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 efficiencyof 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 toesike inverter devices and to
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choose the best cooling method.
While the design constraints can be specified as follows:

Magnetic
Electrical

Thermal

P 0w h P

Mechanical
And the general optimisation variables are:

1. The cost of the designed machine.

2. The performane 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 hasrgerequirements as shown
in Chapter Two of this thesis, in addition to those requirements the following should

also be considered:

1. Itis important to choose the appropriate slot to pole combination.
2. Specifying the dimensions of the machine and the wmqdirrangements to
achieve a specific power at the specified base speed for a known volume.

3. Evaluating the machine performance o0V

Some of the theoretical and mathematical explanations involved in the principle of PM
machinedesign are discussed in details in Appendix A for things such as magnetic
loading, electrical loadings, winding arrangements, air dgyth magnetthickness

tooth span, slot width, slot depth and corebaejth
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3.7.1 Torque Density

The torque T) producedby 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 ¢), length of the conductod(carrying a currentQis a well known
method to calculate the produced force. Also by multiplying the produced force in the
equation above by the mean air gap radiys then integrate the results around the

machine tle torque generated can be found as shown in the following equation.
Y 0 Qai 3.1

However, some of the more unusual topol
equation, hence another fundamental formula should be considered. The torque
produced byany machine can be given by the rate of change of co energy with respect
to position as can be seen in the following equation.

Y- Qi 3.2
Change intie equation above indicatdsat the torque can be found using the product of
the electric currentQand the rate of change of the flux linkage per pHasewith
respect to anguladisplacementQ7. The equation above is an approximation, as in
reality it is only true in a wholljinear 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:

Y -f[ 'O O 0 "00 3.3

T, is the torque outputr) the pole pair numbef, the flux linkage due to the PMs and
lg la, Lo, La are the currents and inductances in the direct and quadratsreT e
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 interpoleetaaggishown
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 techniqugl07].
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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 Magnetg55|.

The torgue equation abovean be seen as two expressiofibe first expression
represents magnetic torque generated from the magdeturrent interactignwhilst

the second expression represents the reluctance tdrgisereluctance torqus driven

from the difference in direct and quadratic axis inductariClesreforejt can be evident
from this latter expression that the torqudl tae increased by increasing the difference
parameter0 0 between the inductances in both direct gnddraticaxis where

the capacity limit in the inverter is ignored. Increasing the difference between
inductances in both direct ampliadraticaxis is referred toasimproving the saliency
ratio ofthe maching108 109 and Figure 3.15 shows some examples of topologies that

i mprove the opeamiohi neds salien
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(¢)

Figure 3.15. Some Examples of Ways to Increase the Saliency Ratk5].

3.7.2 Efficiency and Machine Loss

As the level of efficiency of an electrical machweries withthe power rating and the
operating load conditions, some other approaches can be applied to affect the gfficienc
of a motor. One approach is to target certain kinds of machines as some are generally
more efficient than othed10. Another approach to improve efficiensyby choosing

a low lossmaerial [111-113. A third approach is by choosing a high efficiency
configuration, as different configuratioesen of one typef a machine affect the level

of efficiency that can be achievefll12 114]. For a machine withconfiguration
constrains, optimising thmachine dimensions for high efficiency can be also a valid

approach for increasing efficienf¥15117].
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Losses in an electrical machine can be categorised as

1 The copper loss in the form pf2 loss in the winding resulting from the current
carrying conductor, along with the skin and proximity loss in the slot.

1 The iron loss which is caused by the changeghamagneic flux in the
lamination at a spectifrequency
The magnet losses in the form of eddy currents.

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

loss in the surface of the rotor.

Reducing the |l osses is a big challawge b

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. Howeveg if th
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 stirface o
the machineA case with a large surface area carubedto remowe 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 populamiotiagto

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

EVs require electrical machines with high efficiency and torque density and, because of
the various machine types that can be used for Eésatailability, 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 Wheels 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 addjtidespite 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 machingseather hand, have been
favoured by various manufactures despite the high cost of materials because of their
high power density, reliability and high efficiendyhe availability of PM materials also

plays a role when considering the choice of an etentachine 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 novegrdasthis 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 thissik 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 aspeétthe electric machine which can be

optimised for applications such as EVs.

Number of poles

Number ofstator and rotor slots

The shape of the stator and rotor slots
Winding disposition

Dimensioning the machine

Designing the winding to achieve spfesxl powet

Simulating the machine performance over the full operating speed range

= =/ =4 4 A4 4 -4 -

Magnet placement and saturation limits
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1 The type of material used

1 Appropriate cooling method

In the next chapter the theoretical and mathematical logic behind a noveah PM
(STPM) machine design is explained.
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Chapter 4. Introducing the Split Tooth Permanent MagnetMachine

This chapter describes a method of deriving a greater torque per unit volume from a PM
machine. The method involves splitting the stator teetirder to introduce a magnetic
gear ratio into the torque equation. The theory behind the design of the new split tooth
PM maching(STPM) will be described. Annitial design of the topologis developed

using 2D FEmethodsand compared to a comi@nal krushless PM machine of the

same dimensions.
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4.1 Introduction:

Equation 4.1 state®ie¢ product of the magnetic and electric loading specifies the torque

output of a conventional machine.
Yo o6 “ia 4.1

Where"Ys the torque outpu) is the electric loadingd is the magnetic loading and
“i ais the volume of the machine (where r is the rotor outer radiusxenthe axial

length of the machine)

The saturation leles i n i ron of the machinebds mag
| oading while the electric Il oading is |
temperature at a given rated current. These limits can be significantly affected by the
number of poles, aplairom 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 speedMpP 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 illustfdi&g,in
where a new topology of a PM machine has been built and tested for a high torque, low
speed application. A cross section and differentspaf this machine is shown in Figure

4.1 and Figure 4.2 respedly, it is made of two rotors rotating at different speeds.
Despies thaorque achived by thisopology, it suffers from undesized gear, under
utilised stator and long flux paths
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21 pole pair
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magnets

2 pole pair
Speed rotor
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Figure 4.1. Cross Section of a High Torque Density PM Machine with Two Rotors
[118.

Stator with
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Permanent
Magnets

B
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e BB Pieces §

e '1 HighSpeed Permanent Magnet Rotor

Figure 4.2. Parts of a High Torque Density PM Machine with Two Rotord11§.

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 detaijaeding the achieved torques to a more
conventional permanent magnet machine configuration of the same dimeasibns

found to achievéigher torque density

The concept behind the new design proposed in this thesis is that by splitting the stator
teeth ahigher 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.e@her isdescribed in

this chapter whilethe latter is described in tHellowing chapter andoth of them are

compared in detail to a conventional brushless PM maghine
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4.2  Design Concept

Consider a machine with no saliency, a magnetic field generated by the rotor, which
generates a flux linkageer pole , and a stator winding that has tdrns and carries
an instantaneous currei@ The instantaneous power input P to the stator winding of
the machine can be found as follows:

dy

P:ipa 4.2

This is also equal to the following:

Codi, . wd
P:IPLPE-FIPNP dJ

4.3

Wherei,L; % corresponds to the rate change of energy stored in the magnetic field,

wdy |,

whilst the termi,Ny relates to the power input required to generate torque.

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

T, =iF,NF,Ol/}|—Jm 4.5

EE QI AOO A DO QNE VOE W @04 6 0" AWHI®
Y 0QEQQE D0QQI @ noné o Td
noaN@i Q neaaq 1 Qo wd ME £ Q0 Q¢ ¢

From the equation above the follmg points can be observed:

1 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 larget cam be
applied to maintain the same MMF.

1 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.

1 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 colil (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. Aay to increase the rate of change of the mutual flux

with respect to position without reducing the stator phase winding MMéquired

Increasing the rate of change can be achieved if the number of rotor poles of the same
polarity can be linked by a sgific 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 deoupling 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 outpudowever it unavoidably suffers from some mechanical
and el ectrical problems. The three di men:
the core of the stator is one of the major electrical problems as the eddy currergs agai
the effective lamination direction is found to be unavoidabhés topology can be seen

in Figure 4.3.

Stator

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 anifuthéen 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. below, where a single stator coil is enclosed by an iron path that
is common to three rotgoles identified as a,, lt, dande, 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 thexea mp | e, itdéds clear that for a
change is increased by a factor of five; this is known as the magnetic gearij@2atio
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 bais 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
i's very clear thatos the rotor | eakage f
and considered carefully. Hence it is essential to transfer the idea ofabhine into an

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

sections of this chapter.

VITTV TP LV T e magnes
b d e

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

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

configurationsof the same dimensioms order to evaluate its performance. .

Two motor ®lve fully optimisedradial PM brushless machswith 12 slots/ 4 poland

12 slots /10 pas have been designed and analy3éctreafter, e results obtained

were compared to that of the new split tooth PM mackfwor Solve has the ability to
accurately deign the best module for a given specifications and topology because of its
automated E results module. Hence, it was found beneficial to use it in ooder t
validate the results obtained.

The Split tooth PMhas been designetb the same dimensiord both Motor Solve
optimisedradial PM brushless machinesing the principles of PM machindesign
shownin Appendix A it wasthen optimised usingD FE methodsor maximum torque
output wherea range ofmagnetthickness magnet arc, tooth width and coreback depth

have been applied.

Thefixed physical dimensions and specifications used to ddbigithreemachine are
listed in Table 4.1. These fixed dimensions and specifications have been chosen in order
for the comparisonmachine to be used as a direct drive motor for an electric vehicle

with a fixed rated speed of 60@0m and the maximum posde torque output

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

. Both Brushless PM New Design with
Machine

Machines Surface Magnets
Stator outer/ inner diameter (mn 200/50.5 200/50.5
Rotorouter diameter (mm) 100 100
Stack length (mm) 130 130
Speed (rpm) 6000 6000

Neodymium Iror Neodymiumlron -
Magnet
Boron Boron

The conventionatadial machine are a three phase brushless machingh the first

one havinga 12 teeth/ 4 poles configurationand the second orfeaving12 tegh / 10
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poles configuration. These arshown in Figurs 4.5 and 4.6below along with the
winding arrangementavherealso asurface mounted neodymiuimon -boron magnets

were employed and magnetised in a radial tivador both machines

Figure 4.5. Optmised 12 Slot64 Poles Brushless PM Machine Using Motor Solve.

& PhaseA Centerline

Figure 4.6. Optmised 12 Slot610Poles Brushlss PM Machine Using Motor Solve.

The STPM machine configuration is designed as a three phase machinesioitaéd
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20 poles, where each tooth was split into two as illustrated in Figdrerd surface
mounted neodymiurnron-boron magnets are employeshd magnetised in a radial
direction.

Coils
Stator
Rotor
Shaft
Magnet

Note: red arrows show
magnetisation directions

Figure 4.7. FE Cross Section of the Split Tooth PM Machine with &lotsand 20 Poles.

The 20 poles obtained here have resulted from the choice of 6 splibezzthsehis
configuration requires three poles per towtlorderfor the topologyto work This can
be explainedn Figure 48 wheremagnet 1 an® should bemagnetisedn the same

direction otherwisethe flux will circulate backvithout linking the coil

& Stator
Flux 5
Linkage V)2 ’
C & \ﬂ‘\%?qlﬁs\“\\)" Magnet 3
S { -////////////‘;- agne
AN 6}//‘ & ,,{{//', 7
vagnet1— NIING ML
Rotor Magnet 2

Figure 4.8. Magnet Required for Each Split Tooth

Although having 6teeth would resultn 18 poles by taking the120° electrical shift

required between the three phaffes a balancedlux linkage) into considerationtwo
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extra poles wereequired making a total o0 required polesThis will be illustrated

later in this chapter.

A fixed rotor diameter of 106hm and arair gap lengtlof 0.5mm were choserfor both

designs

The higher pole number of the STPM machnesults in a high electrical frequency and
consegently greater iron losses. This generally means this type of machines will need

to operate at a lower speed

The machine isnodeledusing 2D FE and due to the complexity of the magnetic circuit
in the new design, thdringing (leakage) flux in between twmagnets will be
significant. Hence it is important to verify the sensitivity of the solution mesh before

relying on the FE analysis

The finite elementnethod splits the geometry of the machine with a mesh of triangles
calledelements, whera polynomialwith unknown coefficients represent each element,

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

The dements inthe 2D meshhave a triangular shape defined by three vertexes with a

set of equations to be solvedforhe sol uti on of the model 06:
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 moted machine.

In order tovalidate the accuracy of the FE soluti@malysis of the mesh sensitivity was
carried by reducing thelementsize until therate of change of result with element size

is minimal This can alsobe done automatically by theoftwae usingauto adaption
technique, which was used talidatethe achievedelementsize 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 moref 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
409.
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The air is split into four sectionstator 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 necessHry edges of

the components have high field errors.

Stator Air
T TN

‘_f’ 3 1

Rotor Air \
I

A

Static and Rotating Air Gap Regions

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 sectiontie dimensions of the new STPM machine are shown in Figutésidé.

has arame size of 200 mm, a fixed air gap of 0.5 mm and a rotor outer diameter of 100
mm.

”’7@9
(Magnet Depth) 6 mm <%z S

~Pop
Vs,

(Rotor Quter Radius) 50,00 mm

o£7'81 ueds y/ds Yool

Figure 4.10. The Split Tooth Machine Consideing a Frame Size of 200mm.

4.3.2 Winding Arrangements

The STPM machine wasvound using a single toagtltoncentratedvinding to form a
three phase machingith short end windings and to give the maximum fundamental
induced voltage. Figure #1 shows the windirg arrangement inside the slots of the
STPM machine. Th8 TPM machinaisestwo teeth for each phase

/NN N

Phase A

Phase B

Output

Phase C

Figure 4.11. Winding Arrangement for the Split Tooth PM Machine.
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4.4 No Load Analysis

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 theatothree phase flux
linkage balance. This solution involved rotating the rotor atdatexd speed of®0 rpm

over one electrical cycle using 130 steps to obtain an accurate waveform.

4.4.1 Flux Density Distribution

Underno load conditiorwith the rotoraligned at thed axis with respect to orghase,
Figure4.12 shows thanutualflux path of the STPM machine as indicated in by the red
arrows along with the leakage flpath

Leakage Flux

2

o)
i
A&7,

s /S

AN

Flux direction

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 th8TPM machine over one full electrical cycle obtained is
shown in Figuregl.13. It can be seen that the flux linkages are balanced with a 120°
electrical between phases; this confirms the correct shift between ghagskse new

design.
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Figure 4.13. No Load Flux Linkage of theSplit Tooth PM Machine Over One Full
Electrical Cycle.

4.5 Load Analysis

The maximum permissible steady state conductor current density for an air cooling
method is 10 A/mfm[128. This current density can howevee increasd if an
improved cooling method is used. For simplicity a fixed entridensity of /mm? has

been used for the purpose of comparison between the designed machines here.

A 2D FE static simulation has been conductedaibthreemachinea. This was done by
moving the rotor angle to be aligned with the peak back EM#&xig of phase A in a
machine that is connected in star. Then a range of current was applied to pihase A
seriesreturning through phase B andil€ parallel (giving a maximum 1pu current in
phaseA and-0.5pu in phas® and phase I This arrangementan be sen in Figure
4.14.
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Figure 4.14. Static Simulation Coil Arrangements.

Before comparing the STPM machit® both brushless PM machinedifferent split
toothshapes are analysadd comparedrigure 414 shows a staed flux linkage plat
for the fourmost appropriate shapes.
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Figure 4.15. Shaded Flux Linkage Plots for the M ost Appropriate Split Tooth Shapes.
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4.5.1 Static Torque

Comparing orque against ceentdensityis visible because itetermineghe maximum
torque;the machine can operate abnsidering the maximurpermissible steady state
conductor current densit$ A/mm? for the comparison By using the analysis obtained
using 2D FEalong withslot areacalculatiors for eachmachine torque against current
densitywas obtainedor the four most appropriate split tooth shapsd are shownin
Figure 416.

e Shape A e Shape B = Shape C = Shape D
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3 4 5
Current Density (Ahm?)

Figure 4.16. Static Torques Over a Range of Current Densities of the M ost
Appropriate Split Tooth Shapes.

It can be seen from Figure &.that the STPM machine with shape A and D splith
have the highest achievable torquaiagt current density. However, Shape A &ao
lessmassthan shape Pand 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 showineiprevious sectiomsshown in
Figure 4.7.
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== 6 Slot / 20 Pole STPM Machine
e 12 Slot / 10 Pole Brushless PM Machine (Optmised by Motor Solve)
=12 Slot / 4 Pole Brushless PM Machine (Optmised by Motor Solve)

160

140
120 —

"]

o
o
o

D
o O

/
/ e —T |

Torque (Nm)

N
o

\

o

0 1 2 3 4 5 6 7 8
Current Density (Ahnm?)

Figure 4.17. Static Torques Over a Range of Current Densities of Both the Split Toott
PM Machine and the Brushless PM Machine.

In Figure 4.18, the new STPM Machine showed a significant improvement in torque

againsta range of cuent densities.

Furthermore, 100Nm, 34.1Nm and 45Nm were achieved by the STPM machine, the
12 slots/ 4 poles and 18lotd 10 poles brushless PM machine at the maximum
conductor current density of A/mm? respectively.This corresponds to 93 % and
122 % increase in achievable output torque for the new split tBdthconfiguration
over the 12 slots/ 4 poles and 12 slots/ 10 poles brushless PM madhmealidates

the concept of the new design.

The aim of this thesis is to improve torgdensity;herce 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.
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Table 4.2. Comparison between the STPM Machine and the Bishless PM Machine.

12 slots/ 4 poles 12 slots/10 New Design
Machine Brushless PM | poles Brushlesg with surface
machine PM machine magnets

Outer Diameter (mm) 200 200 200
Axial Length (mm) 130 130 130
Rotor Outer Diameter (mm 100 100 100
Total slot aea (mnf) 10120 10120 8608
Current Density (A/mr) 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) 199 38.5 67.1

From table 4, it can be seen that the STPM machine has achi2¥@&o and141 %
more torque density compared to th2 slots/ 4 polesand 12 slots/ 10brushless PM
machina respectivelyHowever, it hasd7.7 % and 41% more iron loss than ¢hl2
slots/ 4 poleaind12 slots/ 1Mrushless PM machines respectively.
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4.6 Conclusion

A new method of driving greater torque density from a conven@éh machine
topology has beedescribed andompared tdwo motor solved optimiseldrushless PM
machnes of the same dimensiomsing 2D FE analysisThe method involved splitting

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

The STPM machineintroducedn order to baised as direct drive motor for an electric
vehicle. It was designed to produce the maximum possible torque output for a fixed

physicaldimensions and specificatians

The rew machine has showa significant improvement o237 % and 141 % more
torque density compared to th2 slots/ 4 poleand12 slos/ 10brushless PM machines

respectively

The STPM machine has more iron loss and this is dtleetbigher electricdrequency

requiredfor the same speed.

One drawback for th8 TPM machine design despite its achievable high todgresity
is that as tb 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 nagnet losses. These losses can in certain cases be significant; indeed because
of the degradation of the magnet properties at relativiglly temperatureHence they

must be regarded with some concern.

Within the nextchapteran alternative design is deleped in order to reduce this
problem; by employing slightly different configurations also manages to further
increase the achievable torque output.
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Chapter 5. Development of theSplit Tooth PM Machine

The STPM machinevasdiscussed in Chaptérand found to gffer from the leakage
from the aligned poleketween the split teetifo reduce this effean improved design
was developed and discussed in this chapter. In timsproveddesignthe magnets are
alternatively magnetised ira circumferential direction in a flux concentrating
arrangementThis chapterconcludes with a comparison between the imprds&€&M
machine the initial STPM machine anthe two brushless PM machisalevelopedn

the previous chapter.
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5.1 Modified Machine Design

Higher ransmission 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

andperformanceFigure 5.1 shows different examples of such topo[dg9, 130

Quter stator

InnerStator

@) Modulation-ring (b)

Figure 5.1. Double Stator and Single Rotor Machines (a) Dual Ring Type (b) Sing
Ring Type[129.

In the design considered Chapter 4the magnets are onlysedfor 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 wuhe 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 designillisstrated in Figure 52. The rotor
contains permanent magnets magnetised air@amfeential direction in alternative
directions in a flux concentratioarrangementsThe stator now must consist of two
parts an outerandan inner sectionthe rotor now forms an annulang betweenThe

outer stator is identical to befoemdthe inrer stator can operate in one of two ways
either as a second fully wound componentasra flux return path only. The basic path
for the magnetic flux is now from the inner stator, actbgssir gap and into the rotor
through the rotor magnets and radiallytwards across a second-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 configurationausing different PM topologieBave also been trietHowever
they have shown no improvement to the new dedignto the fluxpath, whichallows

the fluxto circulate back to the rotor without linking the coil as can be showigiure

5.3.

—p Flux Path —= Direction of Magnetization Magnet

seass|

Coil

off 11 tt
fStator\ - \ -
/ \ ./ . L \ / X x K
1 tt
5 1
Rotor  WN “il 7y | BB e S
— L ¥
L o LGP N
Inner Stator
a) Surface Mounted Magnets b) Interior V-Shaped Magnets

Figure 5.3. a) STPM Machine With Surface Mounted Magnets b) STPM Machine Vith
Interior V Shaped Magnets.

It can be seen from Figures25and 5.3 that the flux concentrated magnets are most

appropriate PM topology for the STPM machine withinner stator.
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Implementation othis principle intothreephase geometrig shown in Figuré.4. The
outer stator nmains unaltered from before with the same winding arrangements. The 0.5

mm air gapdepthshave been used for both the inner and outer gaps.

Coils
Stator

Inner Stator

Shaft

Note: red arrows show
magnetisation directions

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
concentation PM STPM machie are as shown in Figures §5.56, and 57)
respectively(using the same space envelopsed for both machines developed in
Chapter 4)
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(Slot Depth) 22,14 mm

(Core Back Depth) 12 mm

—

W ,£2'gT Ueds 11ids Yoot

Stator Inner Diameter 50,50 mm ) _-\~ -

(Tooth Width) 16 mm

Figure 5.5. Stator Dimensions of the New Modied 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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Inner Stator Tooth Width 6 mm

Inner Stator Inner Diameter @34 mm (Inner Stator Outer Diameter) R30 mm

Inner Stator Core Back Depth 3 mm |

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, #new designs shownto be electromagnetically superior to

that presented i€hapter 4 additional mechanical complexity is introduced by having
an annular rotor between two stator componeHi®wvever, such a configuration is

feasible[131-133.

In order to mechanically restrain the rotor magnetssitproposed that the rotor
lamination be made in one piece whhdges around the inner and outer radii of the
magnets. Tis is shownin Figure 58. A bridge inevitably leads to increased rotor

leakage flx, but such a feature recessaryor mechanical integrity

Rotor Lamination

Magnet Space 0.5mm

Figure 5.8. Rotor Lamination with Bridge Pieces Around the Inner and Outer Radii of

One Magnet.

76



Chapters Development of Split Tooth PM Machine

5.2 No Load Analyses of the Newly Modified Machine Design

No loadanalyse were obtained using 2BE method where a transient with matio
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 59 shows a no load flux contour plot at the position of maximum flux linkage
with phase A. It can be seeroiin the figure that the flux linking this coil is comprised

of two components; the first component is shdwrthe orange arrows where the first
magnet finds a flux return path through the adjoining stator tooth. This path is
essentially as in the earlidesign 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 compontewf stator flux is additional to #t in the earlier machinend

therefore results in an increase in total flux linkagd output

Inner Stator(stationary
Inner Magnetic Closure
Path )

Second
Magnet

Adjoining
Tooth
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 electyci¢
obtained from the FE 2D simulations is shown in Figoé®. It can be seen that the
flux linkages are balanced with a 120° electrical between phases which confirms the

correct shift between phases.

—Phase A =——Phase B Phase C

ol DZEERNZEERNE
10 ) X\

X X X

Flux Linkage (mWh)
5 o

-20
- N NP
-40

0 60 120 180 240 300 360

Rotor Position (Electrical Degrees)

Figure 5.10. No Load Flux Linkage of the Modified Split Todh PM Machine Over
One Full Electrical Cycle.

A comparison between thgeak flux linkagesobtained by both STPM machinés

shown in Figure 3.1.

N
o

w
o

N
o

Flux Linkage (mWb)
H
o

O m
m 6 Slots / 20 poles STPM Machine
m 6 Slots / 20 poles Modified STPM Machine

Figure 5.11. Peak Flux Linkage Comparison Between Both the Initial and Modified
STPM Machines.

From Figureb.1], it can be seen that the modified STPM maclhag a72 % increased
peak flux linkage thathat obtained byhe initial STPM machine.
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5.3 Load Analysis of the Newly Modified Machine Design

5.3.1 Static Torque

Figure 512 shows the modified STPM machine static torqgainstcurrent densities

when compared to theitial STPM machine with the surface mounted magnets.

=6 Slots / 20 Poles STPM Machine
=0 Slots / 20 Poles Modfied STPM Machine

160
140 S

120 el
100
80 //
60 e

40 ) / /
20 2 L~

S~

Torque (Nm)

3 4 5
Current Density (Ahm2)
Figure 5.12. Static Torques Over a Range of Current Densities of thimitial and
Modified Split Tooth PM Machine.

The modified STPM Machine shows a significant improeatin output torque. Also
by specifying the point of the memum permissible steady state conductor current
density of 5A/mm?, the modified design has 135 Nm, which is%8%jreater than that of
the initial STPM machine with surface mounted magnétsaddition, The inner and
outer air gapgorques generated in tmeodified STPM machine can be seen in Figure
5.13

== Total Torque===CQuter Air Gap Torque Inner Air Gap Torque

160

120
—_—
100 ]

80 pd
60 ra ,/
40 )

74
22 — |

0 |
0

Torque (Nm)

2 3 4 5
Current Density (Ahm2)
Figure 5.13. The Torque in Both Air Gaps of The Modified STPM Machine.
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It can be seen from Figure 5.1t8at the total torque generated by the modified machine
is the sum of the torques generated by the stators The torque gesgrated usig the

inner statois only 18.5% of the totalorque achieved.

5.4 Evaluation of Flux Concentration Topologyover the Conventional
Geometry

Because of the improved magnetic circuitlod new modified desigeshown inFigure

54, the magnetic loadm is now increased as can be seen in Figul&. %t 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 tke 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 likage. Since for the modified design the winding geometry and
dimensions remain unaltered from the original STPM machiteevever,there is no

change irelectric loading.

A maximum steady state output torque of 135 Nm that is 35% greater than the
maximum brque achieved with the conventional flux STPM machine geometry, which
was obtained by applying the same electric loading applied to the STPM maathine

surface mounted magnets.

5.5 Comparison betweenthe Four Machine Designs

Table5.1 summarieghe imporant features of afiour machinesAlthoughthe brushless

PM machinegeometrieshave greater magnetic and electric loadings than the new
designs, but the influence tifie magnetic gearing more than offsékss effect. The

STPM machine designs flux concetton magnets consistently proddcéigher
torques than both brushless PM machine and STPM machine with surface mounted

magnetsas carbe seen from the table
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Table 5.1. The Important Features of All Four Machines.

12 slots/ | 12 slots/ .
New Design .
4 poles | 10 poles h New Design
wi
Machine Brushless| Brushless with Flux
Surface _
PM PM Concentration
_ ) Magnets
Machine | Machine
Outer Diameter (mm) 200 200 200 200
Axial Length (mm) 130 130 130 130
Rotor Outer Diamater
100 100 100 100
(mm)
Total slot area (mf) 10120 1020 8608 8608
Current Density (A/mrf) 5 5 5 5
Iron loss(W) 440 460 650 697
Gear ratio 1 1 5 5
Torque (Nm) 34 45 100 135
Mass (KQg) 29.83 28.3 25.93 27.13
Magnet mass (Kg) 1.71 1.17 1.49 1.36
Torque density (Nm/KQ) 1.14 1.6 3.85 4.97
Torque to magnet rati
19.9 38.5 67.1 99.26
(Nm/Kg)

From Table 5.1, it can be seen that the developed STPM machine achiexemh8f&
torque than the initial STPM machin&nd dthough, the developed STPM machine
results in a higher mass due to the inner stator, it was still alpidoice29 % more
torque density than the earlier STPMuirthermorethe developed PWhachine reduced
the magnet mass 8/7 % and simultaneously increasbe Torque to magnet mass by

48 % when compared to the initial STPM machine.

In addition, Iron loss has increased by 58 % frdid slots/ 4 poles Brushless PM
Machine to theSTPM machinewith concentratd magnetsThis is because of the
higher pole numbeof the STPM machinand hencehe electrical frequency for the

same speed
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5.6 Conclusion

A new PM machine design has been described and developed which shows an increased

torquedensityovertwo optimisedconventional brushless PM machsne

The performance of the new design has beenpeawed with a conventional brushless
PM machins of the same size. Also a further modified design of the new geometry that
shows a further increase in torqaensity can be madeusing flux concentration

magnets andn inner stator.

The new design requirdése splitting of the stator teeth, so thdaagernumber of poles
can be enclosed by the stator winding. The designs considered have stator teeth that

split into two.

Theadvantages and disadvantages of the new designs:

1. The new machine has the advantag@etroducing an additional factor into the
output torque equation.

2. The new STPM machine produce$38 % and 122 % than 12 slots/ 4 poles and
12 slots/ 10 poles brushless PM machiespectively

3. A modified design of the new STPM machine with flux camcation magnets
has shown a further 3 increase in torque output.

4. The implementation of the inner stator in the modified designhiaasessed
more fluxto link the phases, increasing theerallflux linkage.

5. The new design Isaa reduced electrical loady, as the slot area is reduced by
the splittoothgeometry

6. Higher pole number in the new desigesults ina higher stator electrical
frequency and hence greater iron losses in the machihbis needs some

consideration.

From the two split tooth designconsidered here the first was found to be suffering
from varying flux linkage within the magnetsecause of thdéarge change in flux
density when each rotor magnet moves from a position under a stator split tooth to one
between themwhich increases thdanger of high magnetic losses, and overheating
However the second modified design ovame this problenby allowing all magnets
under a split tooth to be utilised at any one instemt simultaneously results in greater
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torque output.

Table 5.2comparedoththe Brushless PM machiswith both STPM machire

Table 5.2. ComparisonbetweenAll Three Machines.

12 slots/ 4 12 slots/ 10 ) _
New Design| New Design
poles poles

Machine with Surface| with Flux
Brushless PM| Brushless PM '
_ _ Magnets | Concentration
Machine Machine
Torque (Nm) 34 45 100 135
Mass (KQg) 29.83 28.3 25.93 27.13
Iron Loss (W) 440 460 650 697
Magnet mass
1.71 1.17 1.49 1.36
(Kg)
Torque density
1.14 1.6 3.85 4.97
(Nm/Kg)

Torque to magne
ratio (Nm/Kg)

19.9 38.5 67.1 99.26

The STPM machine with concentrated magnets shows a f#@® and 2.2ncreasan
output torque when compared 18 slots/ 4 poles and 12 slbt polesbrushless PM

machine, this is as a result of the improvathgnet utilisation

It can also be seen that the STPM machine withcentratednagnets has a dtor of
4.4 and 3.lincreasen torquedensity when compared 2 slot$ 4 poles and 12 slots

/10 poles brushless PM machineewever, it has up to 54% more iron loss.

Figure 514 shows a geometry comparisonhafth initial and modifiedSTPM machines

conpared in table 5.2
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a) STPM Machine with Surface MintedMagnetdInitial).

Stator

g‘i‘“’g & HI Coils
&
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Shaft

Rotor
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%
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Note: red arrows show
magnetisation directions

b) STPMMachine with Flux @ncentratedagnetgModified).

Coils

Inner Stator

Shaft

Note: red arrows show
magnetisation directions

Figure 5.14. Geometries ofBoth STPM Machines

The STPM machine with flux concentrated magnets will be further optimised. The
optimisation method discussed in the following chapte
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Chapter 6. Design Optimisation

In this chapter the methodsed for designing, evaluating and optimisthg STPM

machine with concentratdlilix magnetswill 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 simulationbe 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 orderdadHen best combination with

the highest torque.
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6.1 Introduction

The initial design and evaluation of the STPM machine with concentrated magnets
presentedn Chapter 5 showed promise; it has therefore been decided to further improve

its design to achieve a higher torque density by:

1 Evaluating different slot and pole combinations in order to find the optimum
combination.

T Investigating the machineds perfor man
optimum dimensions.

1 Using the commercially avi | abl e opti mi sation tool

design.
In this optimisation, it is considered essential to keep the following dimensions fixed:

9 Stator outer diameter.
1 Air gap length.
1 Axial length.

Other factors that must be taken into consideratien ar

1 The rotor has to rotate between two stationary stators and be connected directly
to a shaft, this must be mechanically feasible.

1 The pole number limit placed by the electrical frequency capability of the
inverter.

7 Single tooth winding will be used due the shorter axial length.

1 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

ma c¢ hd varialide 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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6.2 MagNet E Software

MagNet E I s finite el ement el ectromagne
electromagnetiproblems 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 diensional 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

hasa mainly twodimensionaflux path hence 2D FE is used throughout.

6.3 Slot/ Pole Combination

Increagng 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 2o0imm is

considered.

The slot to pole combinations chosen here based on an watifitation 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 pifch)(as follows:

T — oA 6.1

Where"Y0is thenumberof teeth andy rjs the numbeof pole pair.This is followedby
drawing a phasor diagram that represents the electrical angle between all slots.
Thereafter, the slots havedn rearranged to make three phases with each phase having

a resultant that is 120 electrical degrees away from the next [dl3sé35.

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 thest@tioe. 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.

. Outer Stator Inner stator
Option Number of poles
Number of teeth 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 influe e s both the

mac hi

ne

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 toeothird 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 camtribute to increasing torque density as will

now be

1.

winding losses as the circumferential path of the magnet eddy currents is

shorter. The windingshay also have a reduced impact on the axial length of the

explained;

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 incs@iag 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.

Higher pole numbers mean a higher machine electrical frequency foem gi

speed, this increases stator iron loss. It will however reduce the magnet and end

reduced, and the coil resistance is lower due to the end winding length is

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 tmnagne
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 difficuthva 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 @ochosen; hence a
comparison has been carried out between two STPM machines with different slot and
pole numbers. A 6slotd 20 poles and a 12slotd 40 poles are considered. The
combination of 24slotd 80 poles has been ruled out because it resultsnagnet

thickness that is less thamr#n for a 200nm 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 &lotd 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 propeftieswinding of the &lotg 20

poles machinewas shown in Chapter 4 where two slots make up one phase. The same

winding style has been applied to the s2dtd 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 simulatin for the two designs.
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b) 12 Slot/ 40 Pols Machine.

Figure 6.1. Flux Contour Plot Lines Obtained from No-Load 2D FE Simulation for the
Two Designs.

Figure 6.2 shows the dimsions of the 12 slots/ 40 poles machine.

(Tooth Width) 9,00 mm
(Magnet Height) 19 mm

(Core Back Depth) 6,30 mm

(Slot Depth) 21,68 mm

(Stator Inner Radius)
R64,00 mm

(Rotor Outer Radius) R63,50 mm 1

. 50 mm (Inner Stator Tooth Width) 4,00 mm (Inn
- Inner Radius) R43, (! <" Statoy
(Roto! I””er
Rad,-uS)
R 65
Mm

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 livbe 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 obther glectronics
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.
(0] 1€ R L 0 "M Q 6.1

Where% represents the phase RMS value of the back EMIS, the peak flux of the
linked phase, N is the number of turns, f is the electrical frequEndg the winding

factor of the machine.

Figure 6.3 shows the simulated line to line back EMF waveform of ghet$ 20 poles
and 24slotd 40 poles machines at 3000rpm.

The fundamental winding factor of both machines is 0.866 with no distributed winding
as al 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 thé®3and other triplen harmonics are not present in both
machines line b&acEMF 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 fhe78 and 11" harmonics.
However, looking at Figuré.4, it can be seen that th& Barmonic in the &lotd 20
poles machine is 0.011 per unit, which is 24 of the fundamental and only (% in
the 12slotd 40 poles machine while 7 and 11" harmonics represent less thaftlin

both machines, henckdy 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 Polesand 12 Slot/ 40 Poles STPM Machines
with Concentrated Magnets.

12 Sots/ 40 Poles m6 Slots / 20 Poles
] .

0.8 - 0.011 0.01
= 0.01 0.005
@ 0.6 -
I 0.009 0
E 0.4 - 5 7
=]
=
b ]
g 02 -
3

Harmonic Order

Figure 6.4. Harmonic Spectrum for 6 Slots/ 20 Polesand 12 Slot$ 40 Poles STPM
Machine with Concentrated Magnets.

6.3.3 Cogging Torque Comparison

One of the most important requirements of EVs is to reduce noigamioimum in

orde 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 theteraction between both permanent magnet MMF
harmonics and the air gap harmonics due to slottii®f. The frequency of the
cogging torquean be obtained using Equation 6.2:
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#'l'c;c;ETfhﬁ 6.2

Where . is the number of stator slot€) Othe number of pole pairs and

( # & P Dis the highest common factor between the number of slots and number
of poles. Table 6.2 shows thegging torque lowest cogging torque frequerialy
different slot to pole combinations.

Table 6.2 Cogging Torque Frequency for Different Slot/Pole Combinations.

Outer Stator | Number of pole§ Cogging torque
Number of teeth pole pair number
6 20 60
12 40 120
24 80 240
48 160 480

Cogging torque waveforms for thedfots 20 poles machine and 13lotd 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 torqueless than 246 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.

—12 slots / 40 poles —6 slots /20 poles
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Figure 6.5. Cogging Torques for 6 Slots / 20 Poles and 12 Slots/ 40 Poles STPM Machir

with Concentrated Magnets.

Although there has been no investigation into the relation between the amplitude of
cogging torque and slot to pot®mbination, from Figure 5.10, it has been found that

the higher slot to pole combination achieved the lower cogging torque amplitudes.
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6.3.4 Mean Torque Comparison

Torque can be calculated using Equation 6.3:

4 6.3

Where4 is the mechanical Torquép is the phase back EMF, is the rms
current in the windind, is the current and back EMF waveform phase displacement

and| is rotor velocity at a given time.

Torques verses cwnt density is shown in Figure 6.6 for both machines. The higher
pole number machine produces more torque al\lnn?® onwards and has the ability

to increase torque to 1289m at 5A/mm? and 156Nm at 10 A/mm?® The torque
increases up to 167Nm at 15A/ricurrent density. The low pole number machine
achievesnear linear increasen torque up to 100Nm at 5A/mm? and while there is
also a visible increase up to 1Bn at 7A/mnf it has already started to level off. By
taking the maximum achievable torques lboth machines at different current densities,
an increase oR22 %, 7.5%, 4.5% is achieved by the 12 s##0 poles machine at a
loaded current density of B/mm? 10 A/mm? and 15A/mm? respectively. This is
partially because the torque is proportiomalthe 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.

200 —12 Slots /40 Poles =6 Slots /20 Poles

—~ 150 // —
o
/
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Figure 6.6. Peak Torque Versus Current Density for the 6 Sla 20Polesand 12 Slot/ 40
Poles Split Tooth PM Machines with Concentrated Magnets.
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6.3.5 Torgue Ripple Comparison

Torque pulsations are not desirable because they prodwegions and acoustic noise
in the maching137, 13§. A torque ripple isaused by139:

1 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 magets. 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.

1 Due to the reluctance variation between the tooth and slot (cogging torque).

Torque pple can be found by Equation 6.4:

Y —— pTT 6.4

Where Y is the torque ripple]Y and”Y are the maximum and minimum
torques, respectively and the mean value of torque over one electricatle.

Figure 6.7 shows torque obtained from the two machines when loaded at current density
of 15 A/mnf.

—12 Slots / 40 Poles -6 Slots / 20 Poles
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Figure 6.7. Torque Waveform for 6 Slot / 20 Pole and 12 Slet 40 Poles Split Tooth PM

Machines

The machine with 13lotd 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 casés This

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 between6 Slots/ 20 Poles and a 12 Slots/ 40 Poles STPM

Machines.
Subject 6 Slots/ 20Poles | 12 Slots/ 40Poles

Outer diameter (mm) 200 200
Rotor Outer diameter (mm) 100 144.53
Iron Lossesat 15 A/mnf & 3000rpm(W) 2017 2672
Peak Cogging Torque (Nm) 1.2 0.8
Torque Ripple (%) 11.2 6.5
Max Torque (Nm) (@15A/mn) >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 12slot640 poles STPM machine h&y.5 % moreiron lossthan
the 6 slots/ 20 poles STPM machiaiel 5 A/mnf and 3000 rpmThis is because of the
higher electrical frequency requiredl the same speday the machine withthe higher
pole number In addition, the copper loswas calculatedor the 12 slots/ 40 poles
machineand foundo be2177W, which is lower than the iron losy 18.5%

In addition, the higher slot to pole combinativasless cogging torquat 0.8 Nmwhen
compared to 1.2 Nrby the lowerslot to pole combination. Alskesstorque rippleis

achieved by the higheratlto pole combination with only 6.5 #rque ripple

The 12 slot640 pole machine has been chosen for the purpose of this thesis because it
increases torque density by #®when compared to 6 sl6#$0 poles madhe, hence it

will be further investigated as will be shown in the following sections and chapters.

6.4 Design and Optimisation Methods

The key optimisation parameter is the mean torque per unit mass that can be achieved at
a specific frequency, temperatuiser 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 wheroimes to
electric vehiclesespecially 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 desigasfiiced

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.

Range
Parameter — -
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 0.5rm)**
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 2mm
Tooth Split Width 1 mm 11 mm
Tooth Split Depth 2mm 12 mm
Magnet Height 3 mm 27 mm
MagnetThickness 2mm 7 mm
Inner Stator Tooth Width 2mm 10 mm
Inner Stator Slot Depth 3 mm 14 mm
Inner Stator Coreback Deptl 2 mm 12 mm

*Changed n order to count for enough clearance during construction. ** Required to mechanically
restrain the magnets agat the centrifugal forcefer 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 sustatas:inner
diameter, tooth span, rotor outer diaeretrotor inner diameter, inner stator outer
diameter, Inner Stator Tooth span, inner stator slot pitch

A representation of the 6 slots [/ 20 pol
sections are shown in Figures 6.8, 6.9, 6.10 for the outer stttmrand 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 Staor Outer Diameter Dso
3 Tooth span —
4 Slot depth ds

5 Core Back Depth dep
6 Tooth Split Depth lts

7 Tooth Split Span —s
8 Tooth Body Width Whp
9 Slot Opening Span —S0

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 Dii
3 Magnet Upper Bridge Bmu
4 Magnet Lower Bridge Bmi
5 Magnet Span —m
6 Magnet Height hm
7 Magnet Thikness tm
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Inner
Stator

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 —rst
4 Inner Stator Slot Pitch —s
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 fioplimisation process which is
automated using OptiN&t. Both optimisations were for maximum torque density at a
fixed RMS current density of 15A/mfimwhich is a typical limit for a forced agooled
machine. In order to reduce the solution time, the apétion 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 segnce 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. Dugithis 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. Thi 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.

| Performance constraint function |

| T

| Write parameters to text file | Read results from Excel |
Read parameters from the text | Write results to Excel |
file 7y
Open magnet
Open the text file through
MagNet™ Get results from MagNet™ |

| MagNet™ finite element simulation |

Figure 5.5. Flow Diagram for the Initial Optimisation Process.

After solving for the besichieved 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, $tware called OptiNet was used. OptiNet can be integrated with
simulation packages such as MagNet, ElecNet and ThermNet to improve existing
design models by optimising thelectromagnetic and thermal characteriso€sany
parameterised model. OptiNistvery efficient because it uses an optimiaased 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. Thiswas 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 geomet 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 processf the optimisation employed is summarised as shown in

figure 5.6.
OptiNer™ OptiNet™ Performance constraint function
(Only Improved Results Will be displayed or Else Repeat with a New Parameter)
| Read results ‘
Change variable parameter ‘ T
| Get results from MagNet™ ‘
MagNer™

‘ MagNet™ finite element simulation ‘

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
MagNef™ to change the parameterisedde! 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,nge 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, tolgvaast accurate

results possible.
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6.5 Conclusion

Different slotto-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 optirats 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 slot20 poles machine. A higher combination could not be
considered because the resulting tmragnets 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 effectconr i but es t owards i ncreasing th
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 thmachine at the same speed.

A script file was written to create the 12 slod§f poles STPM machinend t o def
each of its wvertices as a function of
parameterise the model MofThtiése tnhaadc Ipirme e |
optimising the machi ne di Teaptsnisationancleded! ot
some fixed parameters such as the outer diameter and the axial length, due to the size
restrictions of the application chosen. Two optimisation procdssegmximise 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 seoatidod was
conducted using OptiNEY.

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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Chapter 7. Investigative Design

In this chapter, the 1 mpact of changes
rotor, magnets, and inner stator torque density was explorels a second order, the
effect ontorque ripple was observeth addition, the impact of the inclusion of the
inner stator was assessed. The parametrised model from Chamsrused to vary the

dimensions.
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7.1 Introduction

In order to mathematically understand the effect of varying the machine physical
dimensions on torque output it is important taerstand the torquey to rotor radius
relation, which can be demonstrated in the general torque egehtem previously in

chapter 4, which for clarification is more detailed in Equation 7.1
Y ® 6 0 “1 a 7.1

Whered ,isthe peak air gap fluxdensity,i s t he machi neds
and0 is the electrical loading that can be calculated using Equatwhere'Qs

the phase current andl is the number of turns per phase:
0 — 7.2

From Equation 7.1 and 7.2 the effect on the torque produced for different dimensional

changes can be estimated as follows:

1 Increasing the magnetic loading increases torque outpithwan be achieved
by increasing the air gap flux density.

1 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.

1 Better cooling allowsan increasen torque as the machine can operates at a
higher current density.

1 Torque is proportional to the square of the rotor radius; therefore increasing the
air gap radius will have a large effect on torque.

1 Torque output is proptional to the axial length of the machine, although the

axial length is fixed in this investigation.
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7.2 Investigation Methodology

The investigation was carried out using the parametrised model from CBaftatic

and transient with motion 2D FE was uskibughout.

The static torque analysis has been conducted tisenmethod described in Chapter
For each design variation the slot area is calculated, allowing torque to be assessed

against current density ranging up teA2®m? in the conductor

The transient with motion simulation were conducted at both no load and load
conditions with applied current density of 15A/frBuring the no load condition, back
EMF waveform and harmonic content, cogging torque and air gap flux density were
measured. Also fluxdensity was assessed for each variable. [bhd condition was

used to obtain torque waveforms, and there by calculate the mean torque and torque
ripple.

Torque density calculations are basedhlmmeartorque at fullload anddivided by the
magneticallyactive mass (laminations + magnets + windinggxque ripple was also

assessed.

7.3 Outer Stator Dimension Impact on Torque Density

Thevariable dimensionsf the outer statas shownin 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
Ds; Stator Inner Diameter
Dso Stator Outer Diameter
— Tooth span
—p Slot Pitch Span
ds Slot depth
deb Core Back Depth
ks Tooth Split Depth
s Tooth Split Span
W Tooth Body Width
— Slot Opening Span
Ot Tooth Tip Depth

The outer diameter is kept constant at 200mm while the tooth width, slot depth,

corebacldepth, 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 balarce 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 a4wad 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.

W No loadContourPlot Shaded
(mm) Plots Scale
2
1.94286
1.88571
4 1.82857
1.77143
1.71425
165714
1.6
1.54286
1.48571
1.42857
1.37143
1.31425
1.25714
1.2
1.14285
1.08571
1.02857
16 0.97 1429
0.514236
0.8357143
0.8
0. 742857
0585714
0528571
0.571425
0.514285
0.457143
0.4
0.342857
0285714
- 0228571
g : 0.171429
24 B ;’. 0.114286
| Al 0.0571429
o

It can be seen from Table 7.2 that a tooth body width ofrd hasthe highes 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 ofr@sh has the lowest flux dsity
saturation in the tooth, which increases the iron mass and has also the smallest slot area,

hence electrical loadingdowever, atooth width of 16mm can be seen to have a
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balance between the amount of distributed flux density across most of thretcdih

and the slot area available.

Table 7.3. No Load Shaded Flux Density Distribution of Various Slot Depths.

dsiot No loadContourPlot Shaded
(mm) Plots Scale
2
HE Slot Area 1.94285
/ =0.22 PU 1.88571
4 r/// \\\ 1.82887
1&7’//' \\\ » 177143
ez ,\ 171429
Wi ' ,““lﬂll»"* : ‘ ({ 185714
16
1.54286
148571
142857
1.37143
1.31429
125714
12
B Slot Area (=256
12 T B = 0.64 PU 1.08571
/ 1.02857
0.971429
”} B » 0.9142886
7///)' 0.857143
4 0.8
r l’)m[(("i j 0.742857
L = 0685714
; 0.628571
0.571429
0.514285
0.457143
0.4
0.342857
0285714
20 0228571
0.171429
0.114286
0.0571429
: a 0
= | |[(fr=
==/l

For varying slot depts 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 ofr20 has the largest slot

area but th shortest outer rotor radius.
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Moreover, a slot depth of6dlmm 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 watsioed for various tooth body

widths and slot depths and shown in Figures 7.2 and 7.3.

e MM =8 MM =12 Mm =16 mm 20 mm =24 mm
300 \
250 /

e
‘E 200 7__—4__
£
o 150 ——
o
|9 100
” //
0
0 5 10 15 20

Current Density (A / mA)

Figure 7.2. Torque Versus Current Density for Various Tooth Body Widths.

Looking at Figure 7.2 it can be seen ttla 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 thel6mm width, get more saturated and
hence limit the magnetic loading. Fuermore, tooth widths above 16mm result in

smaller slot areas, which limit the electrical loading.

— MM =8 MM =12 MM =16 mm =20 mm
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Figure 7.3. Torque Versus Current Density for Various Slot Depths.

Figure 7.3 shows that a slot depth ofriéh achieves the highest torque output as it has
a balance between the slot area achieved and hence MMF and the outadiosothan
the other four depths shown in the figubdso depths below 12Znm result in smaller

slot areas. However, slot depths aboveni2 result in lower rotor radi
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For comparison, torque density for different tooth body widths and slot depths at

current density of 18/mm? areshown in Figures 7.4.

~14.0 14.0
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4.0 - 4.0
2.0 20 -
0.0 - 0.0 -
4 8 12 16 20 24 4 8

12 16 20
Tooth Body Width (mm) Slot Depth (mm)

Torque density (Nm/ Kg)

Torque densit

Figure 7.4. Torque Density at 15 A/mnf for Different Tooth Body Widths and Slot Depths.

Figure 7.4 shows that at 15A/mMi@ 16mm tooth body widtachieveghe highest torque
density of 12.68Nm/kg. Moreover, a slot depth of 18m ha been found to have the
highest torque density from Figure 7.4. A tooth width ofd® 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 maximunmuérghile 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 rotougatlience a large increase in
torque. However, the coreback has to be thick enough to prevent satlinaitiog the
magnetic loading. Flux density distribution plots are shown for various coreback depths
as shown in Table 7.4 and assessed alongsidestdensity.
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Table 7.4. No Load Shaded Flux Density Distribution of Various Coreback Depths.

dcb
(mm)

= i e

12

Core Back
No loadContourPlot

A Y—V
\

=

Shaded Plots
Scale

s, |

2
1.94286
1.88571
1.82857
177143
171428
185714
16
1.54288
[+ 148571
1.42857
1.37143
1.31429
125714

12
1.14286
1.08571
1.02857
0.97142%
0.914288
0.857143
0.8
0.742857
0685714
0828571
0.571428
0.514288
0.457143
04
0.342857
0.285714
0.2285T1
0171425
0114288
0.057142%
]

Torque for a range of applied MMFs was obtained at various corebatiisdépen 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 VersusCurrent Density for Various Core Back Depths.

From Figure 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 tor8m results in more torque. This is because the reduction in
satuation is greater thathe 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 ef torqu
density and torque ripple resulting from different coreback depths obtained with 15

A/mm? applied current density.
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S5 8.0 : B
g ! F 2%
£ o EEE
6.0 0%
2 4 6 8 10 12 2 4 6 8 10 12
Core Back Depth (mm) Core Back Depth (mm)

Figure 7.6. Torque Density and Ripple Achieved at 15 A/mrhat Various Coreback Depths.

From Figure 7.6, it can be seen that atAI®im® 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 ofn8m, and hence is chosen tde the optimum design of

this machine
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7.4.3 Slot Opening Widths

It is apparent from théorque against current density for various slot opening widths
shown inFigure 7.7that torque increases in proportito 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 ttlo 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.
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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 Shaded
mm No load ContourPlot Plots
Scale
4 =
1.94286
1.88571
1.82857
1.77143
1.71429
1.85714
—+ 1.8
1.54286
[ | 1.48571
1.42857
| 137143
| | 1.31429
1.25714
— 1.2
1.14288
1.08571
8 1.02857
0.971429
0.914286
0.857143
0.8
% 0.742857
| -—-ﬁlr‘, T iy
- ‘- \"/ )/’7.’&‘;:&;.5 0.571428
0.5142886
0.457143
0.4
0.342857
0.285714
' N 0.228571
0.171429
I 0.114288
0.0571429
12 “ :
Oy v A & 3
B A — )R e
Js-ewm ) =
B & N/’ ‘SN

By taking the saturation point in to account, g wide slot opening width results in
the highest torques in the region belowA/fnm? and an 8mm width results in higher
torques at the region abo@® A/mm?. 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 atAfm?® applied
current density were obtaineligure 7.8 shows the torque density and ripple with 15

Al/mm? for different slot opening widths.
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Figure 7.8. Torque Density and Torque Ripple at 15 A/mm Applied Current Density for

Various Slot OpeningWidths.
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 contémgs
generated Back EMF. For these two reasomspiBwidth 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 enclpgbd buter
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 e obtained and

shown in Figure 7.9.
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Figure 7.9. Torque Versus Current Density for Various Tooth Split Widths.

Figure 7.9 illustrates that increasing the tooth split width fromn2to 8mm results in
a significant increase in torque. This is because lower toothvadtih allows the flux
to circulate back to the rotor causing an undesirable leakage flux. In addition, increased

widths of over 8nm result in lower torques. This is because increasingpiitenidth,
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both tooth ends become narrower and hence lesssflyaing 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

14

No loadContourPlot

i, ;s
,‘,’7/ » AT

" b

TNy

Y
o o )M .:‘-‘»mlﬁ‘m-‘#%

A—]

The torque density and torque ripple resulting fraffecent tooth split widths at 15
A/mm? applied current density were obtained, compared and shown in Figure 7.10.

Shaded Plots
Scale

2
1.94228
1.885T1
1.82857
1.77143
1.71429
1.65714
186
1.54286
[ | 1.48571
1.42857
1.37143
1.31429
1.25714
1.2

1.14288
1.08571
1.02857
0.571429
0.914286
0.857143
0.8
0.742857
0685714
0.628571
0.571429
0.514288
0.457143
0.4
0.342857
0.285714
0.228571
0171428
0.114286
0.0571425
0

117



Chapter7 Investigative Design

14.0 - 5.0%
g 13.0 o 45%
2 120 3 40%
2 : Sy
(] _: o 0
3 1004 - 3.0%
>
g 9.0 - I: 2 2.5% I I I:
T 8o 2.0%

2 6 8 10 12 14 2 6 8 10 12 14
Tooth Split Width (mm) Tooth Split Width (mm)

Figure 7.10. Torque Density and Ripple Achieved at 15 A/mrhat 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

shownin Figure 7.11.
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Figure 7.11. Torque Versus Current Density for Various Tooth Split Depths.

From Figure 7.11, it can be seen that the torque improves with increasing tooth split
depths from Imm up to 5mm to where it starts to drop back. Thiseisaose of the
reduced magnetic loading, as a tooth split depth belown5allows the flux to circulate

back to the rotor causing an undesirable leakage flux, and split depth abowe 7
makes the tooth ends narrower and hence they saturate easier. Tstregad by

shaded flux density distribution plots in Table 7.7.
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Table 7.7. No Load Shaded Flux Density Distribution of Various Tooth Split Depths.

Chs No loadContourPlot Shaded
(mm) Plots Scale
1
2
1.94288
1.88571
1.82857
177143
1.71429
1.65714
1.6
1.54288
1.48571
1.42857
5 1.37143
1.31429
1.25714
1.2
1.142885
1.08571
1.02857
0.971429
0.914288
0.857143
0.2
0.742857
05635714
0.528571
9 0.571429
0.514288
0.457143
0.4
0.342857
0.285714
0.228571
0171429
0.114285
/% §§\‘§ E. 0571429
4 N\
/4 N
v Al
3 v)i“rv g .
SN,

The torque Density and torque ripple obtained with &/tBm? applied current ensity
are shown in Figure 7.12.
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Figure 7.12. Torque Density and Ripple Achieved at 15 A/mrhat Various Tooth Split
Depths.
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A tooth split depth of 3nm achieves the highest torque density and a comdsmgly
low torque rigple as can be illustrated fronigere 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 he both end that is shown as B imgkre 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@as can be illustrated by the length of C in

the figure.
Tooth End Tooth End
without Tip with Tip

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.
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Figure 7.14. Torque VersusCurrent Density for Various Tooth Tip depths.

Figure 7.14 shows that by introducing a tooth tip, the machine prodic®s more
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torque. However, the increase is notable up torn2md depth, after this any further
increase in tooth tip depth will only increase the iron mass. This is a result ofngjlowi
an improved flux path and hence magnetic loading. Thidbeahustrated 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.

(o Shaded
(mm) No loadContourr Plot Plots Scale
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0.971429
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0.857143
0.8
0.742857
0.585714
0.628571
0.571429
0.514286
0.457143
0.4
0.342857
0.285714
0.228571
0171429
0.114286
0.0571429
0
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From the ontourplots shown in Table 7.8, it can beenthat more flux wasllowed 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?appied current density are shown in Figure 7.15.
0%
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Figure 7.15. Torque Density and Ripple Achieved at 13/mm? at Various Tooth Tip
Depths

From Figure 7.15, a tooth tip depths of betweenn2md and 3mm achieve the highest
torque density. However, a tooth tip depth of & showe less torque ripple, and
hence it has been chosen as the optimum design here.

7.4 Rotor Dimension Impact on Torque Density

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
Do Rotor Outer Diameter
D Rotor Inner Dianeter

By Magnet Upper Bridge
B Magnet Bottom Bridge
— Magnet Span

P Magnet Height

W, 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 analysthapter 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 ootstructure 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 sectidrigure 7.18 shows torque agdicsirrent density

for various magnet heights, which is increased by 6mm each time.

123



Chapter7 Investigative Design

=6 mm =——12 mm =18 mm 24 mm

350

300
£ 250 e M
< 200 e
3 150 //
2 100 —

50 / - il

o (=T
0 5 10 15 20

Current Density (A / mm2)
Figure 7.18. Torque VersusCurrent Density for Various Magnet Heights.

From Figure 7.18, it can be seen that increpsimagnet height from 6 im to 12mm

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? applied current densityt was found that increasing the magnet height
from 6mm to 12mm results in 143% increase in torque 100 % increase in magnet
mass. However, onl¥6.5% increase in torque far50 % increase in magnet mass was
achieved by increasing the magnet height fr&mth to 18mm. Furthermore, less than

1% increases in torque achieved by magnet heights abavenl 8

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 andtstaiforHowever, due

to a fixed toothds surface area, this i
eventually result in no further increase because the iron of the stator tooth becomes

significantly saturated.

This can be illustrated from the pedlux linkage obtained per phase for ditet

magnet kightsas shown in igure 7.19.
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Figure 7.19. Variation of Peak Flux Linkage of the STPM Machine with Changing
Magnet Heights.

From Hgure 7.19, itcan be seen that the flux linkage increased b%2Z6om 10mm to
12mm heights, 206 from 12mm to 18mm to where it stastlevelling off and any
further increase only results in lessthd % i ncrease i n flux |
decided that a tooth dih between 18 m and 20nm 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 %mm?applied current density.
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Figure 7.20. Torque Density and Ripple Achieved at 13/mm? at Various Magnet
Heights.

FromFigure 7.20, it can bseenthat 18mm height achieved the highest torque density
and the lowest torque ripple because of the inectasagnetic loading, and the smother
air gap field produced respectively.
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The peak torque per magnet mass for different magnet heights at the optimised current
density of 15A/mrf is shown in Figure 7.21 for indicating a ratio index to be

considered for futre work.
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Figure 7.21. Torque to Magnet Mass Index at 15A/mm? 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 tioe improved utilisation of the rotor magnetic

circuit.

This rotor topology does not exhibit demagnetisation even during the over loading
condition. This is because the bridges surrounding the magnets act to protect the
magnets from any field strong enoughdemagnetise. This is investigated further in the

following chapter.

Although 12mm magnet height showed the best achieved torque to magnet mass ratio,
18mm has been chosen as the optimal height because of its higher torque to active mass

ratio.
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7.4.2 Magnet Thickness

The magnet thickness(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.

Rotor Pole
Width Reduced

Figure 7.22. A Cross Section of the Rotor of Different Magnet Thickness.

The i mpact of changing the magnet t hic
investigated here. A wider magnet reduces the rotor pole width as shown in Figure 7.22.

Figure 7.23 shows the doad flux linkage per phase for different magnet thicknesses.

30
25 —

20 ,/ g \\

15

1

o

Flux Linkage per phase
(mWb)

5
0

2 3 4 5 6 7
Magnet (mm)

Figure 7.23. Variation of Peak Flux Linkage of the STPM Machine with Changing
Magnet Thickness.

From Rgure 7.23, the flux linkage can be seen to increase 9g &3 a range of 2nm
and 4mm for double the magnet mass. Howevey ierease beyond 4 mm thickness

results in a reduced flux linkage.
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This is because of the saturation in the new smaller pole piece from the excessive MMF
generated by thickenagnetsthis saturation also restricts the amount of flux that can

be transfeared 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 torqugaiast current density for varying magnet
thickness is shown in Figure 7.24.
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Figure 7.24. Torque Versus Current Density for Various Magnet Thicknesses.

At 15 A/mm? applied current density in Figure 7.24can be seen that, in the range of
2mm and 4mm, an increased torque 66 % is achieved fob0 % increase in magnet
mass, and 126 between 3mm to 4 mm for 33 % increase in the magnet mass.
However, any further increase in thickness results in a nedutt torque due to the
saturation in the rotor irorA comparison of torque density and torque ripple achieved

at different current densities for varying magnet depths is shown in Figure 7.25.
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Figure 7.25. Torque Density and Ripple Achieved at 15 A/mrhat 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 gmdper iron utilisation in this
design. Moreover; the lowest torque ripple is achievedraty 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 illustratethat 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 magts.
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Figure 7.26. Torque to Magnet Mass Index at 150/mm? Applied Current Density for
Various Magnet Thickness.

By considering the torque density, torque ripple and flux linkagemm thickness is
chosen to be the balanced optimal choice for this machine. In addition, this magnet
thickness resulted in optimum rotor pole widths of Mr& and 4.4nm at the outer and

inner radii respectively.

7.5 Inner Stator Dimension Impact on Torque Density

The inner statois 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 Rmeter
Disi Inner Stator Inner Diameter
—t Inner Stator Tooth Span
—s Inner Stator Slot Pitch
diss Inner Stator Slot Depth
st Inner Stator Tooth Width
disco Inner Stator Coreback Depths

The inner stator tooth width, slot depth and corelubegkh have been varied during this
investigation and their impact on torque density explored.

75.1 Tooth Width

A torque against current density plot for differing tooth widths is shown in Figure 7.28.
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Figure 7.28. Torque VersusCurrent Density for Various Inner Stator Tooth
Widths.
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