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Abstract

This thesis investigates the design, performance and fault tolerant capabil-
ity of electric machines with unconventional topologies used in more electric
drive applications. Two different machine topologies are analysed: Flux re-
versal permanent magnet machine and a field wound flux switching machine.

Initially, unconventional flux reversal machine topology in which the vol-
ume of the permanent magnet material is minimised to improve the fault
tolerance capability and lower the costs whilst achieving significant impro-
vement in the torque is investigated through a simulation and validated
through experimental work. It is shown that although the machine belongs
to the fault tolerant category, an inter-turn short circuit fault will be a prob-
lematic as the magnetic flux from the magnet cannot be neutralised and can
cause severe damage to the machine under certain conditions.

This however, does not mean that the topologies with permanent magnet
material are not suitable for the fault tolerant solutions. If the appropriate
design selection in terms of slot and pole numbers is made, the negative in-
fluence of the permanent magnet material can be minimised. Therefore, the
influence of the slot pole combination on both fault tolerance and perfor-
mance is investigated and the results are demonstrated on the set of perma-
nent magnet synchronous machines. It is shown that low rotor pole number
machines have better fault tolerance capability whilst high rotor pole number
machines are lighter and provide higher efficiency.

To overcome the challenges related to the short circuit fault, the topo-
logy which eliminates the permanent magnet material and works on a basis
of the wound excitation is developed. As the short circuit fault cannot be
fully eliminated, a solution which prevent the catastrophic failure and mi-
nimises the consequences by using wound excitation system on the stator side
instead of permanent magnets is proposed. The modification of a permanent
magnet synchronous machine towards improvement of the fault tolerance is
presented in detail. Different rotor structures are investigated and optimised



to maximise the torque performance. It is shown that using stator of existing
machine and replacing the current rotor containing permanent magnets not
only improves the fault tolerance, but also reduces the manufacturing and
material costs.
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Chapter 1

Introduction

In this chapter, the introduction and brief overview on
the thesis content is qiven. The idea and motivation be-
hind the chosen topic is explained and the thesis structure
15 outlined. Main aim of this chapter is to provide the
reader with basic idea of technical challenges that have

been addressed in this thesis.

13



CHAPTER 1. INTRODUCTION 14

1.1 More electric applications

The term "more electric” is mostly associated with an aircraft or aerospace
applications in which electrical power is employed for a range of both primary
and secondary functions including actuation, de-icing, cabin air conditioning
and engine start and power generation. Electrification transformed the con-
ventional engine control and has removed the need for hydraulic and bleed air
systems. This results in efficient, safe, reliable and light weight solution that
will lead to reduction in fuel consumption and also maintenance costs. How-
ever achieving greater reliability is still challenging since the system which
includes electrical machines controlled by power electronics requires to be op-
erated in extreme environments and is expected to be more and more efficient
m.

Figure illustrates how the concept utilising the [more electrical aircraft]
differs from conventional aircraft system.

The adoption of the within the aircraft provides enormous benefits

such as:

e Replacing the engine-bleed system by electric motor-driven pumps re-

duces the complexity and the installation cost

e Replacement of hydraulic unit (including centralised reservoir, pump
and channel) improves the aircraft efficiency, reliability, and reduces

vulnerability, complexity, weight, installation and running cost.

e Electrical starting of the aero-engine by employing the engine starter
generator system removes the engine tower shaft and gears, power take-
off shaft, accessory gearboxes. This reduces the fuel burn and improves

the efficiency.

e Using a fan shaft generator that allows emergency power extraction
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under windmill conditions, removes the conventional inefficient single-

shot fram air turbine (RAT)|

e To pressurise the cabin, electrically driven [environmental control sys-|

tem (ECS)| compressors and heater/cooler units reduces the cost and

operational time of the main engine. [2].

IN:  Fuel
Start Air

JOUT: Thrust
HP Air
Wing Anti-Ice Air
Electricity
Hydraulics

Conventional

Cabin Air

More Electrical

IN:  Fuel

UT: Thrust

Electric Start

Electricity

Wing Anti-ice Air

Hydraulics

Fuel
Air:

. -
Electricity

Hydraulics
(Emergency)

Start Air

APU

X7 Electricity (Hotel mode)
Cabin Air (Hotel mode)

Cabin Air

Electrical Wing Anti-ice

N
deleted

Distributed Hydraulics
(electrical driven)

New
APU

Electricity (Hotel mode only)
Cabin Air

Design

Fuel
Ai%

V

Fig. (1-1): Comparison between conventional and MEA systems [3]

In general, the concept of the[MEA]revolutionises the aircraft architecture

and the aerospace industry completely. It provides significant improvements

in terms of aircraft space, weight, fuel consumption, cost per passenger, re-

liability and maintainability. On the contrary, the concept of the in-

creases the requirements on the aircraft electric power systems, namely areas

of power generation and power management. The challenges related to high

power density and sufficient reliability are enormous and these need to be

addressed.

The power density and reliability are two conflicting requirements in-

volved in a design of electrical drives which are the heart o the Reli-
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ability has been defined as "the probability that the equipment will give the
satisfactory performance, in the specified environments and for the required
interval of time, in the manner intended” [4]. Attaining hundred percent
reliability is impossible and very often the designer aims to achieve a degree
of reliability governed by the function the machine has to perform. Clearly
where the function is directly influencing the safety of the aircraft, the re-
liability must be of the highest priority, even at the penalty of weight and

cost.

1.2 Fault tolerance and faults

As previously mentioned, the reliability is directly related to the safety of the

system. So the reliability can be improved if the system is designed to tolerate

any type of fault. Such system design is referred to as the fault tolerant (F'T)|

system. The term has been defined across research disciplines as a basic
requirement for modern electric motors and generators and can be achieved
with a number of integrated approaches, like condition monitoring, post-

fault control strategies and suitable system design architectures [Bl @ [0 8.

In general, the [fault tolerance (FTe)|is defined as the property that enables a

system to continue operating properly in the event of the failure of (or one or
more faults within) some of its components [@]. The concept of a[F'T|machine
is that it will continue to operate in a satisfactory manner after sustaining a
fault. The term 7satisfactory” implies a minimum level of performance once
faulted. The degree of fault that must be sustainable should be related to
the probability of its occurrence. For most safety critical applications, it is
accepted that the drive must be capable of rated output after the occurrence
of any fault [I0].

The faults in rotating electric machines can be classified in many ways,
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depending on the fault nature or cause. Based on place where the fault
occurs, we recognise stator or rotor faults. Bearing fault, unbalanced rotor
or bent shaft are good examples of mechanical faults, while open or [SC|faults
are examples of faults of an electrical nature. Thus, the machine should be

designed to tolerate these faults without compromising the performance.

1.3 Torque/power density

In the more electrical applications, the torque density and consequently the
power density is one of the most important factors which is used to evaluate
the performance of the system. The definition of "torque density” depends
on the constraints of the application. In applications where the utilisation of
space is critical, it makes sense to consider the torque density with respect
to the volume, and thus it can be defined as the density in terms of the vol-
ume (Nm/m? or Nm/l). In applications limited by the weight, the obvious
parameter for evaluation of the torque density is the torque per unit of the
mass (Nm/kg). In case of boundaries constrained by the current available,
then the torque density will be express as the torque per ampere (Nm/A).
Hence it is not possible to define the torque density in general, but it always
depends on the concrete application constrains, limitations or boundaries,
that the design has to meet and respect.

The torque generated by the machine is proportional to product of its ro-
tor volume (o< Diameter? x Length) and shear stress, where the shear stress
is the product of the magnetic and electric loading. Thus, the high torque
density can be achieved by increasing either current loading or magnetic
loading or both while minimizing the volume. However, both the current
loading and magnetic loading are limited and so torque density by several

design factors. The electrical loading is restricted by factors such as the al-
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lowable slot area to accommodate the winding, the achievable packing factor
of copper (Ky) in the stator slots, and the allowable copper current density
based on maximum allowable winding temperature rise or demagnetisation
limits of the magnetic materials. The electrical loading can be increased by
adopting efficient thermal management in the slot or adopting deeper stator
slots to minimise the losses and so heat. The magnetic loading is limited
by saturation of the soft and hard magnetic materials. Though magnetic
loading can be increased allowing for hard magnetic material within design,
due to saturation limitation on soft magnetic core, the design is restricted
and thereby restricting the torque density. To achieve a high torque density,

these limitations must be considered.

1.4 Description of the problem

The permanent magnet machines are attracting a large amount of attention
in aerospace applications due to their high torque and consequently power
density [II 02 I3 04l 05]. These machines are required to be safe, reliable
and available under tight weight, volume and cost constraints. To meet
all of these demands, design trade-offs are usually made to balance these
design requirements [I6]. The common design approach is an adoption of
the features within the electrical drive system. Such features allow
the machine to fail safely, without any catastrophic damage and also enable
the machine to maintain the same or comparable performance under fault to
when the machine was healthy. The most commonly implemented method
of fault tolerance is redundancy [I7]. However, adding redundancy increases
the system weight, volume and cost. In systems, where N+1 redundancy
cannot be achieved due to these constraints, alternative FT features must

be considered [I8]. There is a number of the features which can be
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included in the [PM] machine designs which increase the availability of the
machine without adding redundancy and its associated weight, volume and
cost [I8] M9 20].

On the contrary, minimising the volume of the material reduces the
machines performance, but will also lower the manufacturing cost and lower
the consequent effect of eventual electrical fault and thus improved the [E'Te
Certainly, the way to lower the manufacturing cost and improvement of the
controllability in case of fault is to design electric machine with no at
all. Omitting the materials brings challenges related to torque density
that need to be addressed.

1.5 The aim and objectives

The main purpose of this work is to identify a design solution for the direct

drive application with emphasis on torque density, the |F'Tel and production

costs. The study has been carried out through both analytical and
element (FE)| tools and then, experimentally validated. The key objectives

of the thesis can be summarised as follows:

e Investigation on the flux reversal machine designed for low speeds,
direct drive applications: the study focuses on minimising the volume
of the rare earth materials combined with the magnetic gearing effect to
amplify the torque performance while maintaining minimal machines

size, volume and cost.

e Determine the consequences of the [SC| fault and their relation to the

slot/pole (S/P)|combinations: in the study analytical tools are adopted

for the investigation of influence of the slot pole combination on the
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inter turn fault [SC| current and power density against the [F'T¢] of the

case study set of machines is investigated.

e Design of non-conventional field wound flux switching machine: this

study looks into a systematic design based on existing [permanent mag-|

et synchronous machine (PMSM )|used for traction an application. For

a given stator, the coils are altered and rotor is designed to maximise the
torque. Since the field excitation is provided by external current source,
it allows to de-excite the coils in case of the inter turn fault and

also improves the power management during the field weakening oper-

ation compared to the traditional [surface mounted permanent magnet|

machines (SM-PMSMs)|

e Design validation trough experiments on the prototyped machine.

1.6 Novelty of the thesis

The key contributions included in the thesis are:

e Investigation of the [FRM
The unconventional electrical machine topology which meets the
criteria is modelled and tested where the trade-off involved between

the [F'Iel and the performance is addressed.

e Investigation of influences of different slot and pole combinations on
the fault current and thus the [F'Tet
For the performance prediction and fault investigation, a complete an-
alytical model is employed whilst numerical tools are used to determine
the thermal performance. The investigation highlights the compromise

between the power to mass ratio and the fault tolerance in which the
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influence of the key design parameters and how they affect the fault

current is demonstrated.

e Development of the enhanced [F'T][field wound flux switching maching]

FWESM

To overcome the challenges related to the [SC| fault, the topology that

eliminates the material and is based on the field winding excitation
is developed. The challenges related to the high torque density are
investigated and the key design factors influencing the performance are
identified. The way of achieving high torque density for the considered
topology is proposed. The design is carried out via [FEA]and validated

through experiments.

1.7 Thesis outline

This thesis is divided in [7] chapters. These are as follows:

Chapter [2] aims to introduce the concept of the describe the basic
principle of its operation and give an overview on the development of the
from the very first mention in literature to the latest modifications of
the recent past.

Chapter 3 gives mathematical description of the FRM]in the [d—g|reference
frame and the concept of a fictitious magnetic gear is introduced. The process
of validation of the parameters of the FRM]that has been designed and built
as a prove of concept explained. The models used to predict and verify the
performance of the presented are created in Matlab® Simulink® and
Infolityca MagNet. These models are then compared with the results of
experiments performed on the [F'RM|

Chapter (4] investigates the influence of the slot and pole combination in

fault tolerant permanent magnet machines under a short circuit fault. A 2D
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sub-domain field computational model with the [multi objective genetic algo|

rithm (MOGA)|is used for the design and performance prediction. During

the post processing stage a 1D analysis is employed for the inter turn [SC|
fault analysis.

Chapter [5] presents the idea of utilisation of the existing and
performing its modification to transform it to the [FWEFSM| a magnet less
machine to deliver cheaper machine with improved capability. The nec-
essary modifications in the current stator are presented and the process of
the optimal rotor design is fully described with the final design of the rotor
optimised regarding the torque performance. Also the trade off between best
performance and practicality of the solution is risen and the consequences
are elaborated.

Chapter [0] presents the experimental rig that has been built for the ex-
periments and tests performed on the FWFSM]| The results obtained from
the experiments on the FWFSM] and comparison to the predictions based
on the and models of the FF'WEFSM)| are provided. The experiments are
divided to no load/no excitation and load tests, where each part contains
set of experiments. Description of each experiment is provided, as well as
comments on the results.

Chapter [7] concludes the thesis.



Chapter 2

Flux Reversal Machine

Aim of this chapter is to introduce the concept of the
describe the basic principle of its operation and
give an overview on the development of the [FRM from
the very first mention in literature to the latest modifi-
cations of the recent past. The customised modifications
of the[FRMS are organised into groups with common fea-
tures. Also the hybrid parametric model of the machine
used for analysis, design and geometry optimisation of

the machine is introduced.

23
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2.1 History and Technical Background

The [FRMs| gained a lot attention during last decades mainly due to their

robust and simply rotor construction inherited from the [switched reluctance

machines (SRMs)| and [F'T] capabilities of stator topology of the PMSMs| [21].
Typical for [FRMg| are the placed on the surface, or inside of the stator

teeth. The belong to the group of [doubly salient permanent magnet]
imachines (DSPMMs)l Doubly salient, as both the stator and rotor are salient

[2I]. The first type of the DSPMM]|with [PMs| placed in stator was introduced

back in 1955 in [22] as a promising topology for high frequency alternators.
The topology of the is based on magnetic flux transferred from the
placed in the stator through the air gap to the rotor when the rotor
poles face the stator teeth and is shown on the Fig.

The got their name due to the flux reversing nature of the machine;
the phase flux reverses with every electrical cycle of displacement of the

rotor. It is evident from Fig. depicting the cross section of the single
phase [DSPMM] In Fig. the rotor is aligned with the pair of the stator

(a) Rotor alignment during first half (b) Rotor alignment during second
of the electric cycle half of the electric cycle

Fig. (2-1): Axial cross section of single phase DSPMM [22]
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teeth, while the Fig. shows the situation after current alternation and
consequent shift of the rotor to the second position. The Fig. and Fig.
demonstrate, that as the rotor tooth moves along the stator pole pitch,
the flux linked in the stator coils reverses [23].

Although the concept of the [DSPMM)]| was novel and improvement upon
peak power and minimal volume alternator [22], the topology had also draw-
backs such poor utilisation of available rotor volume, stator vibrations and a
complicated stator topology which complicated for manufacturing [241 25].

The [FRM] is not the only and first representative of the and
different single phase [26] or three phase [27] machines were proposed, these

machines produce unipolar flux and magneto motive force (MMF )| variation,
while the produces bipolar flux and variations [21] 235].

First type of the conventional was introduced in 1996 in [24], along
with analysis in [2I]. The proposed machine had two pole stator and
three pole rotor and is shown in Fig. Surface of each of the stator teeth

was equipped with pair of magnets of alternating polarity.

The single phase topology improved the performance dramatically com-
pared to the in [22], but produced cogging torque was of a high
level [25]. To reduce the cogging torque whilst maintaining the simplicity of
the rotor design, a three phase was proposed in [25] 2I] and is shown

——— Stator

Magnets
— Shaft

Fig. (2-2): Axial cross section of the single phase FRM [2]].
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(b) Flux distribution in three phase
FRM

(a) Topology of the three phase FRM

Fig. (2-3): Axial cross section of the three phase, 6 slots, 8 poles FRM [25].

in Fig. Main difference from the single phase F'RM]is increased number
of stator and rotor poles, while the number of magnets per tooth remained
the same, although the number of both stator slots and rotor poles can vary

for multiphase configuration [23].

2.2 Principle of operation of the FRM

As the topology of the[FRM]is based on[permanent magnet machines (PMMs)|
and [SRMg the principle of operation is related to both and can be demon-
strated on the single phase [FRM

The paths taken by the magnetic flux during different rotor alignments
will be discussed. These are shown in Fig. -4 In Fig. -4{(a) the rotor is
in equilibrium so the magnetic flux created by the |PMsg|is circulating within
individual stator pole.

In this position, there is not magnetic flux flowing through the stator back
iron, hence no flux is linking any of the coils. If the rotor is displaced from

the neutral position by 30° mechanical (ie. 90° electrical) counter clockwise
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to the position where two of the rotor poles are overlapping two of the stator
magnets, the flux flows through the stator back iron between the two teeth,
hence two coils are magnetically linked. In this position the magnetic flux
reaches its maximum value, as is shown in Fig.[2-4[(b). Another displacement

of the rotor by 30° brings the rotor to the second neutral position and situ-

ation is similar to the situation in first position, but the [electro motive force
has now reversed polarity, due to the reversed direction of change.
At the final position, showed on Fig. 2-4|(d) the rotor is displaced of another

30° and the rotor poles overlapping second pair of magnets, hence the flux
is linked through the adjoining stator teeth in reverse direction against the
case (a) and the rotor completes one electrical cycle.

The single phase [FRM| was chosen to demonstrate the principle of the

Fig. (2-4): Tllustration of the principle of the operation of the FRM during
one electric cycle [2I] with rotor displacement of (a) 0° (b) 30° (¢) 60° and
(d) 90°.
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operation because of its simplicity, but the description is applicable on mul-

tiphase topology as well.

2.3 Categorization of the FRMs

Many of the different design features adopted in other machine topologies can
be applied to the ' RMs. The most common of the applied design features

are discussed in the following section.

2.3.1 Winding topologies

The most widely adopted winding topology for [FRMs| is the topology with
three phase concentrated winding and magnets placed on the surface of the
stator teeth [25 28 23] 29 B BTl B2 B3], an example of the concentrated
winding topology is shown in Fig.

Alternate winding topologies/configurations also exist, these being the
full pitch [B4 B5 BA] or fractional slot concentrated winding [B7]. The main
advantage of these alternate topologies is increased power density of the
B4 B5]. It was shown, that the [FRM] with full pitch concentrated
winding delivers can lead to to higher output power as the [FRM] compare
to the [F'RM)] utilising conventional concentrated winding and has a potetial
to achieve about 13% better power density compared to a However,
the self inductance of such is up to three times higher, is influenced by
the saturation level of the machine and concludes in poor voltage regulation
4.

While the conventional has number of rotor slots higher then num-
ber of stator slots, concept of the FRM]with compensatory windings topology
consisting of 12 stator slots and 10 rotor poles, shown on Fig. [2-6] is intro-

duced in [B9]. The ratio of stator and rotor poles, where each phase consist of
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Fig. (2-5): Axial cross section of three phase with double layer concen-
trated winding and surface mounted - PMs| B8]

Fig. (2-6): Axial cross section of three phase with compensatory wind-
ings [39).

four coils, creates compensatory effect, where harmonics of EMF]in each pair
of coils are mutually nullified. The positive outcome of this topology is re-

duced cogging torque at comparable electromagnetic performance compared

to the conventional [FRMsl
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— T ——

Fig. (2-7): Cross section of the three phase FRM with (a) Surface mounted
PMs (b) Inset PMs

2.3.2 Placement of the PMs

A conventional type of [FRM]| has [PMsg| placed on the surface of the stator
teeth (Fig. [2-7al). However, surface mounted magnets is not the only way of

magnet’s placement. Insetting the magnets in the stator tooth can reduce
the cogging torque and air gap leakage flux [B2) HQ]. Because the are

placed in parallel to the magnetic flux path the risk of its demagnetisation is

reduced. The proposed inset type [FRM| (Fig. 2-7b)) was compared with the

equivalent [FRM], while inset type used 40% less magnet material, it achieved
the same BEMF] constant and lower iron losses than the surface mounted
[ERML

In addition to the surface mounted or inset [T proposed concept
of the consequent pole FRM] that in compare to the conventional [FRM] uses
only half of the volume of magnets in compare to conventional it
delivers 26% higher rated mean torque due to lower torque pulsation and
ripple, with equivalent efficiency and weight.

The cross section of the consequent pole ['FRM]is shown on Fig.
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Fig. (2-8): Consequent pole FRM [AI]

2.3.3 Width of the slot opening

As it has been presented earlier in subsection [2.3.1 most of mentioned
in literature adapts the topology of a concentrated windings, the topologies
utilising distributed windings are in minority. All of the discussed winding
topologies were applied without affecting the stator geometry. However, con-
centrated winding can be used with two types of coils arrangement. With
change of the coils’ arrangement, modification of the width of the slot open-
ing [B3] is necessary. In [B3], ¢ - the number of slots per phase per pole and
also determines the type of used winding. Hence slot opening with ¢ = 1
considers alternated coils type and ¢ = 0.5 indicates topology utilising con-
sequent arrangement of the coils. Both topologies are shown on Fig. [2-9
The relation between ¢ and slot opening width can be expressed as a number
of omitted pairs of between two adjoining stator teeth and is given as
0.5/q. Therefore machines with ¢ = 1, ¢ = 0.5 respectively have the slot
opening equal to one and two respectively.

Consequently, the number of rotor slots (Nr) feasible for chosen stator
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Fig. (2-9): Winding configurations of (a) g=1(b) ¢g=05

configuration can be identified from the following relationship:

Where p,, the represents total theoretical number of the pairs, those
on stator teeth and those omitted in between them and p is representing
number of pole pairs of the spatial field distribution. As was declared earlier,
the number of omitted pairs is given as 0.5/¢ for both configurations so
the equation becomes:

0.5 N,
N, = | N, —i——)-]\fszlz—S 2
(390 + 2 - 2)

Where N, is number of [PMs per stator tooth. The ratio between the

number of rotor slots N, and stator slots N, can be expressed as:

N (Npp+?) 5 3

Equation shows direct relationship between number of per stator
tooth and number of rotor teeth N, . For any stator of the [FRM] exist two
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feasible rotors due to the + sign in the and also the N, is determined
by the N, parameter. Author [B3] used this relation to show feasible rotor

configurations for machines with commonly used slot pole combinations.

2.3.4 The background of the FRM prototype design

Although the design of the [FRM]is not the subject of the thesis, the experi-
mental part is based on it. Therefore it is important to introduce the model
and process that was behind the final prototype parameters and identification
of optimal geometrical dimensions.

The design process is very well and in detail described in [B3], where the
analysis described led to the final parameters of the prototype. The goal of
the analysis was to design the [FRM| with the best performance possible in
terms of the maximal shear stress and power factor. The dependencies of
these two criteria on the main geometrical variables are investigated utilising
a hybrid approach where the and analytical model are used to determine
the equivalent magnetic loading for different geometrical parameters of the
machine using the parametric machine model. The part of the analysis
was used to determine B, the equivalent magnetic loading at no load. Its
value is obtained using a virtual sensing coil around the tooth of the |F'RM|and
it measures the magnetic flux to estimate the equivalent magnetic loading
B, assuming the case of the geometry of the stator with maximal possible
tooth width of the linearised stator geometry. This approach is valid if the
coil section is assumed to be represented as a linear instead of cylindrical and
the pair pitch is assumed to be equal to the rotor slot pitch.

The outcome of the [FEA]is used as one of the inputs to the analyti-
cal model. The parameters that were varying through the parametrisation

process are:

e Airgap thickness
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e Height of the PM]

e Number of [PM] pairs per tooth - n,,

The results of the analysis show that the value of By increases with the
nyp while increasing the height of the over certain extent causes reduc-
tion of By and torque per ampere. The simulation gives also information
that increasing thickness of the airgap and increase the core saturation
limit, represented by electrical loading that saturates the stator core Agg.
The electrical loading is mainly determined by airgap length, thickness
and stator tooth width. Combination of thick airgap and leads to a
higher A,,;. On the other hand, the optimal ratio between thickness of [PMs]
and airgap that led to optimal By does not lead to an optimal shear stress
value. Shear stress maximisation is important not only as as a main machine

performance indicator, but also due to the conclusion, that the machine’s

[power factor (PF)|is maximal when the shear stress is maximal. The [PF]is

estimated from the model’s vector diagram, where it is equal to the angle
between the vectors of flux linkage at load and no load. The of
is low in general even for optimised geometric parameters of the machine.
It can be influenced mainly via the ratio between the thickness of the [PMs
and airgap, like in the optimisation of the Bj. Also higher n,, that leads to
higher shear stress causes lower Hence optimal number of pairs per
tooth compromise tends to be 2. The trade of between the performance and
efficiency is evident also from another conclusion that the analysis gives, the
larger width of the machines tooth, the larger A, bud reduced These
findings are based on the results of the parametric analyses that apart from
these led to the optimal machine design parameters. The details regarding
the geometry and other parameters of the FRM] that was manufactured for
experimental validation can be found in the table presented in the next
chapter.
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2.4 Conclusion

This chapter describes the development of The topology of
gained a lot of attention in the literature for its robust rotor, high power
density and small inductance variation with the rotor position. Many pub-
lications have sought some of the shortcomings of the topology. The
high torque ripple can be mitigated by skewing the rotor [25], the m
harmonics can be reduced using special combination of stator slots and rotor
poles [B9], the air gap leakage flux can be reduced using inset 32 [0l 2],
the power density and efficiency can be increased using the full pitch wind-
ing [B0) B4 B5]. However, these are also the areas of performance of the
that need to be improved and further research could be focused at.
At the end of this chapter, a insight to the hybrid model of the [FRM]| and
the outcomes that this model provided are presented. Next chapter focuses
on deeper introduction of the concrete FRM]| prototype and the experiments

that were executed on the machine to confirm the [FRM[s model.



Chapter 3

Modelling and experiments on

the FRM

In this chapter, mathematical description of the in
the[d=d reference frame is presented and the concept of a
fictitious magnetic gear is introduced. The process of val-
tdation of the parameters of the 15 explained. The
models used to predict and to verify the performance of
the[FRM) presented are created in Matlab® Simulink® and
Infolityca MagNet. These models are then compared with
the results of experiments performed on the built proto-

type of the as a proof of concept. The parameters

of the prototype are also presented.

36
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3.1 Mathematical description of the FRM in
d-q coordinates

Mathematical description of FRM in the [d—¢| reference frame is based on
and very similar to the mathematical description of the conventional

Main difference is made by the fictitious electrical gear effect introduced in

B3]. Mechanical speed of is given as:

Where flux pattern speed ny is defined as:

ny=060-f (2)

Equations (1)) and (2]) show, that mechanical speed and flux pattern speed
are different.
The mechanical speed is n, times lower while at conventional machines

these speeds are equal. This is called the fictitious magnetic gear effect and

Supply Frequency = f Hz Supply Frequency =f Hz

e i

Stator Stator
Flux pattern speed Flux pattern speed

=60 x f =
Equivalent \ =60 x f

=l —
2 pole PM Rotor | — 7 Shaft speed 2 pole PM Rotor

| | n rpm _D

- Shaft speed
Stator = \_ n=@0xhHm, n rpnf
Fictiti((elf:trical Gear Stator =60 x f

(a) (b)

Fig. (3-1): Concept of the fictitious electric gear introduced to compare
(a) FRM and (b) PMSM [B5].
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it can be expressed as:

n,

k=57 @)

Where the P, is the number of the flux pattern poles. As has been
stated earlier, this is the main difference between mathematical description
of[PMSM]and [FRM] and the difference can be visualised as shown on Fig.

Hence the equivalent [d—q| circuits for [FRM]in direct and quadrature axis

respectively correspond with Fig. equivalent circuits.

To derive this circuit, following assumptions were made [33]:

e Saturation in the machine is negligible

The induced is of sinusoidal shape

Eddy current and iron losses are negligible

No field current dynamics

There is no cage on the rotor

o, R Lq g, R L,

o — 2228 o— [ }—rrrr
Vyg K(DeLq C_) Vq Kwel 4 C;)
O O

(a) (b)
Fig. (3-2): The equivalent circuits of the (a) d-axis (b) g-axis

These circuits can be then described by Kirchhoff’s laws as follows:

A
va = Rig + d—td — Kweh, (4)
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d\
Vg = Riq + d_tq + Kweg (5)
A = Laiqg + Apys (6)
/\q = Lqiq (7)

Electrical equations are completed by electro-dynamical equation for torque:

3Py

T, =
2 2

K [Apariq 4 (La — Ly) - i4i4) (8)

Due to fact, that d and ¢ inductances are equal, equation can be

written as:
7, = 3L
c 922

K)\p]y[iq (9)

According to the fact, that mathematical description of is almost
identical to the PMSM] one, the control algorithm is also very similar to
[PMSMI control.

The equations describing the [FRM]| are the same of equations describing
isotropic [PMSM| hence the maximal torque per ampere is obtained while
current i = 0. Therefore considered linear magnetic flux, the equations

- (@) will reduce to:

va = —Kwe, (10)

Vg = qu + Kwe/\d (11)

/\d = )\p]y[ (12)



CHAPTER 3. MODELLING AND EXPERIMENTS ON THE FRM 40

)‘q = Lqiq (13)

The equations references - gives simplified description of the
but accurate enough for creating the model in Simulink for controller

design.

3.2 Introduction to finite element modelling

The [finite element method (FEM)L or [FEA| is a computational technique

used to obtain approximate solutions of boundary value problems in engi-
neering. It is useful for problems with complicated geometries, loadings, and
material properties where it is too complicated or even impossible to obtain
an analytical solution.

Originally, the was used in aerospace industry for designing jet
planes and similar, where accurate stress analysis for light weight structures
were demanded. With the increase of computational power and decreasing
costs of CPU time, it has become a standard development tool not only in
aerospace, but in all kind of engineering areas, where the [FEMs| are used for
structural, stress, fluid, electromagnetic or even acoustic and other analysis.

F'EM]| consists of discretisation of the problem, therefore the model of
the problem is divided into an equivalent system of many smaller units (fi-
nite elements) connected at points common to two or more elements and/or

boundary lines and/or surfaces [A3].

3.3 Finite element model of the FRM

To make the description of the creation of the [FRM| model easier to imag-

ine, the parameters of the tested prototype are used. The summary of the



CHAPTER 3. MODELLING AND EXPERIMENTS ON THE FRM 41

prototype’s parameters can be found in the Table [3.2]

To speed up the modelling process, first step in creation of the model is
to find a mirror symmetry hence the model can be as small as possible and
therefore with the same amount of elements the mesh can be smoother. If
only part of the machine is to be modelled, appropriate boundary conditions
have to be applied to reflect the symmetry.

In the case of the FRM] the main features, that decided the geometry
is number of stator slots (N, = 12), number of rotor teeth (n, = 28) and
number of phases (m = 3). Therefore the greatest common divisor of the
number of slots n, and number of teeth ng is 4. This means that only
one quarter of the machine is enough to obtain representative results. The
number of phases is important as the model has to represent all the parts of

the machine, hence all three phases.

Fig. (3-3): Cross section of the with the rotor aligned to the quadrature
axis
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It is also worth noted, that if only part of the machine is modelled, the
results of the simulations will be scaled down accordingly to the ratio of the
machine modelled. For example if only one quarter of the machine is mod-
elled and simulated using transient with motion solver, the torque calculated
will be representing only the quarter simulated and hence the actual torque
produced by whole machine is actually four times higher than the results of
the simulation shows. In this thesis, this is taken into account and so all the
results representing the performance of the complete machine.

The model of the FRM]is presented on Fig. while the Fig. shows
the model with boundary conditions applied on the boundary surfaces. The
boundaries have to be specified for all outer surfaces of the model. As the
simulation of the model requires rotational motion, during the rotation of
the rotor becomes the surface of the air gap, separating the rotor and the
stator, also exposed.

Hence the boundary condition has to be applied on the air gap surface
as well. The boundary condition applied here on the air gap surface can be
either of an odd or an even type. The type of the periodicity corresponds to
the pattern of the alternation of excitations between repeating sections. The
type of periodicity is different for other depending on m, N, and Nj
and leads to either even periodic or an odd periodic boundary condition. If
the the excitations do not alternate from one repeating section to adjoining
one, even periodic boundary can be used. On the contrary, if the excitations
alternate from one repeating section to the adjoining one, the odd periodic
boundary is to be used.

As in the modelled the direction of the excitation in the repeating
sections of the machine alternates in compare to the adjoining one, the odd
periodic type of a boundary condition is used.

The materials assigned to the individual parts of the model are sum-
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marised in the Table 3.1} Together with the material assignment can be set
up the size of the mesh elements. The size of the mesh can seriously affect
not only validity of the model and hence the accuracy of the results, but it
can also cause prolongs and longer the simulation times. Therefore the fine
mesh should be defined only on the parts of the model, that is important for
the result of the outcome of simulation (air gap in case of motion component)

or parts that are of closer interest (edges of the stator teeth).

Part Material

Stator laminations M-36 24 Ga

Windings Copper: C10700

Magnets Neodymium Iron Boron: 38/23 (NdyFe 4 B)

Rotor laminations M-36 24 Ga

Table (3.1): Materials assigned to the parts of the FRM model

Once the materials are assigned to the model parts, the magnetisation

Fig. (3-4): Cross section of the machine with boundary conditions
present
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direction must be set, to achieve correct function of the model. Next step is
to set up coils and windings. In this case, thanks to the symmetry, there is
only one coil per phase modelled. As the machine was designed with a stress
on each phase is formed of four coils in case of operation as a three
phase machine, or two coils per phase in case of operation as a six phase
machine. In both cases are the phase windings connected in star connection.
Therefore in the event of a fault, one set of windings can be disconnected
and the machine can maintain the function utilising only half the slots (three
phase operation using half the number of slots).

The main parameters of the coils are number of turns and fill factor.
The fill factor can be calculated automatically based on number of turns and
wire diameter, or can be set manually through the material properties. The
second option is more favourable as in case of scripted modification of the
machine parameters in case of optimisation, the fill factor will remain the
same, even the number of turns of the coil will change. Unlikely in the first
case, with every modification of the number of turns, the wire cross section
must be changed as well.

Together with the coils set up, the current sources can be connected
through the circuit window. Example for the three phase windings connected
in the star connection is shown on Fig. [3-5

As the model is meant to be used to simulate transient with motion, the
motion component needs to be set up. This means that all the parts of the
rotor has to be selected (including air and boundaries rotor related). Once
the motion component is created, it is important to set its offset. Aligning the
rotor with the quadrature axis of the machine means that amplitude of the
phase A current is also the 7, current while the 74 is effectively zero. On the
Fig. is the rotor already aligned with the quadrature axis. It is necessary
to highlight that with every change of the speed of the motion component
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Fig. (3-5): Connection of the windings and current sources

also other parameters of the simulation must be changed, such a eventual
frequencies of the current sources, the length of the simulation, simulation
step and so on. Of course this depends on concrete purpose of the simulation.
For this purposes, I have developed complex script in Matlab, that can be
run and change all the needed parameters according to the settings of the
simulation. This automation not only save time and speed up the reporting
and results evaluations and post processing, but removes chance of mistakes

creation as it lowers the input needed to the minimum.

3.4 FEA results

In this section, the simulation results are presented and discussed. Selected

situations are then compared with the experiment results.
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Fig. (3-6): No load [BEMF|waveforms for

3.4.1 No load simulations

The Fig. shows results of the no load test. This is usually first type of
simulation that is performed, as it is on first sight obvious if the machine
model is performing as expected or not. From the Fig. is obvious that
the three phase induced is right order and balanced.

The Fig. presenting induced in phase A and compares them
for different speeds.

The no load flux linkage shown on the Fig. proves that the [[FRM)]is
capable of generating the smooth sinusoidal flux linkage. One instant of the
no load simulation is captured on the Fig. where is shown the zero flux
linked with the coil A while all the flux is flowing through the rotor back
iron, across the air gap and through the both phase teeth. The leakage flux
caused by the magnets on the phase A tooth tip can be also observed.

Fig. gives first look on the simulation compared with the results of
the no load test performed on the It compares single phase [BEME] at
speed 100rpm. Although the waves do not match perfectly, the experiment
confirms the validity of the model.
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—Phase A flux linkage— Phase B flux linkage— Phase C flux linkag

Flux linkage [Wh]

0.0 i i
0 60 300 360

1‘20 1é0 24‘10
Electrical position [degrees]
(a) No load flux linkage for one elec-
trical cycle

(b) No load flux linkage distribution
at 100rpm

Fig. (3-7)

5 I I
— Experiment— FEA
4 |

Phase Voltage [V]

_5 | | | | |
0 60 120 180 240 300 360
Electrical position [degrees]

Fig. (3-8): Comparision of BEMF obtained via and from experiment
at 100rpm
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3.4.2 Load tests

The simulation, when the referenced current of more then four times higher
then is the rated current, was performed to confirm the assumption that the
capability to remain in linear region even in case double the nominal current

is applied.

18

= = = =
o N N o
T T T T
| | | |

Mean torque [Nm]
[e0)

0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

iq Current [A]

Fig. (3-9): Saturation of the with increasing i,, FEA evaluated

3.5 Parameters of the FRM
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Table (3.3): Parameters of the Ultract 2 - PMSM used as a load during the

experiments

Parameter

Value

Rated current
Rated Voltage
Number of turns per coil
Rated speed
Continuous torque
Power factor
Rotor OR

Rotor IR

Stator OR

Stack length
Rotor slots

Stator slots
Number of PMs
Magnet height
Magnet pitch
Connection

10A (peak — peak)
280V (dc — link)
23

1000rpm

12Nm

0.55

46mm
38.95mm
60mm

o0mm

28

12

48

1.36mm

0.7

Star

Table (3.2): Parameters of the FRM

Parameter

Value

Rated current
Peak current

5.78 Ayms
10.53A4, s

Rated voltage
Rated power
Power Factor

187Vms
1.65kW
0.91

Rated speed
Continuous torque
Peak torque
Torque constant

4000rpm
4.3Nm
746 Nm
0.75Nm/A

49
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3.6 Experiments

3.6.1 The FRM'’s test rig

The test rig that was used for the experiments on the [FRM]can be divided in
two parts. The part of the FRM] and part of the loading [PMSM] To control
the FRM] custom made inverter fed from rectifier was used, while the control

was maintained using the dSpace platform.

Fig. (3-10): test rig at the lab of Politecnico di Torino

3.6.2 Torque evaluation

Due to the fact that the test rig was not fitted with an torque-meter, the

torque could not be measured directly, hence indirect method to estimate
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DC link
D1
. Vd* * *
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L I * V, * . V, * duty I f\\ FRM
Pl ——2~&)—={ PI |~ dq vex |/ abe =1/ oycle|
d 1 b ycle
iq D6
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i Ia
ap ap iy
dq - abe|_ e
Ip

Fig. (3-11): the diagram of control topology used with the test rig

the torque had to be applied. This method is so called "wave test” and is
well described in [A4].

The method used to evaluate the torque consists of consequent applica-
tion of positive and negative current in ¢ axis, while measuring active power
during both, motoring and breaking operations. Due to possible variation
of copper and magnet losses during the test procedure, the test should be
done in shortest time intervals as possible, however the test for each regime
must last long enough to allow speed settling and accurate power reading.
To minimise the influence of changing winding resistance, the procedure con-
sisted of three steps, where the has undergone motoring, breaking and
motoring load again. The reason for three repetitions is that averaging ac-

tive power measured during first and third step (motoring regimes) leads to

Ly Ly

L.0 FRM PMSM oL,

L3 @ O |_3

Fig. (3-12): Power measurement during the wave test using four watt meters
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20

—FRM
—PMSM

150 \_‘ ]
100- m .

Active power [W]
a1
?

o

_10 1 1 1
0 60 ] 120 180
Time [s]

Fig. (3-13): Wave test for i, = 1 — 6 A.

power reading obtained under equal thermal conditions as the measurement
during second step (breaking regime).

In other words, if the winding temperature changed during the three
steps, averaged results from first and third measurement can be considered
as measured under the same thermal conditions as results obtained during
the second (middle) step. To achieve higher accuracy, the whole process
was automated and each of the three steps took 15 second. The time was
chosen to allow speed control to react on step change of the load and the
current transient subsided while it was not too long to minimise increase of
temperature. The measured values are shown on the Fig. [3-13]

Example of the evaluation of mean torque of the FRM] for the first row
of the Table 3.5t

Poon + Prote 14.97TW + 14.95W

P’L)T‘O: = :14 14
rato = Lt : 6w (14
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Prru (W] Pparsm[W]
I[A] | Moty Gen Moty | Geny Mot  Gens
1 14.97 -15.49 14.95 -5.33 27.41 -5.22
2 36.86 -29.66 32.38 | -19.53 4591 -19.59
3 50.28 -42.57 49.56 | -32.44  65.68 -32.42
4 67.97 -60.41 67.96 | -43.94 82.40 -44.73
5 87.04 -68.00 86.93 | -55.23 97.94 -55.29
6 106.6 -77.59 107.0 | -62.27 134.40 -63.46

53

Table (3.4): Active power measured during the wave test for i, = 1A+ T7A
and wWyeen, = 30rad/s.

PFRM—

2

Trrv =

PFRM

2

15.23W

Winech B 30rad/s

o ’PAUT‘]\JDt| + |PAeren| . |1496W| + |_1549W|

=0.51Nm

= 15.23W

(15)

(16)

From the visualisation of the results of the torque estimation is evident,

that using proposed method to evaluate mean torque of the machine can be

obtained accurate results, as the evaluated torque is not only in close match

with the [FEA] but also control evaluation of the torque from the other,

PMSM]| side are in agreement with found values.

P[W] P[W] Torque[Nm]
I[A] | FRMyot PMSMgye, | Prrv Ppusm | FRM  PMSM  FEA
1 14.96 -5.27 15.23  16.34 0.51 0.54 0.55
2 34.62 -19.53 32.14  32.72 1.07 1.09 1.08
3 49.92 -32.43 46.24  49.05 1.54 1.63 1.60
4 67.96 -44.32 64.19  63.36 2.13 2.11 2.13
d 86.98 -55.23 7749  76.58 2.58 2.55 2.65
6 106.81 -62.84 92.22  98.64 3.07 3.28 3.17

Table (3.5): Quantities evaluated from measured values obtained from the

wave test.
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If the torque meter would be present, the process of obtaining results
would be much faster and more accurate. Also described method does not
allow to obtain instantaneous torque values, hence it could not be used to
evaluation of real time cogging torque and torque ripple values.

As it has been shown that the [FE]model is trust worth, it can be assumed
that the machine is capable to achieve simulated states. Hence the continuous
torque 12Nm can be handled and according to the mass of the material
in used in the machine, the torque density can be estimated, considering
the weight of the [PMs| used to the level of continuous torque. The machine
accommodates 110g of hence it achieves torque density of 110Nm /kg of

4 i
O FRM
PMSM
35 N
A FEA
3r i

N
63
T

Mean torque [Nm]
o

0 3 4
iq Current [A]

Fig. (3-14): Comparison of mean torques obtained through experiment and
FEA.
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3.7 Conclusion

The mathematical description of the [FRM] in the [d—q] reference frame was
introduced in this chapter. Also the magnetic gearing effect was introduced,
to make the [FFRM|comparable and compatible with the [PMSM|and its math-
ematical description. The results of the no load and load simulations and
experiments were presented, compared and their match was highlighted. Al-
though due to the rig limitations, the full capability of the [FRM]could not be
fully tested and proved, the results obtained with lower load still confirms the
assumptions and shows the credibility of the model. The [FRM| proved itself
as a machine that can be considered for specific applications, where decent
level of the [F'Te|is required. Although the [FRM]can be considered as a ma-
chine with decent level of [F'T] capability, the fact that it utilises brings
the issue, that in case of [SC|fault the winding could suffer form high [SC| fault
current and caused serious damage. Therefore next chapter is investigating

the dangers of the inter turn [SC| faults in machines.



Chapter 4

Inter Turn SC Fault

The investigation on the influence of the slot and pole
combination in fault tolerant permanent magnet machines
under an inter turn short circuit fault is carried out through
this chapter. A 2D sub-domain field computational model
with[MOGA] is used for the design and performance pre-
diction. During the post processing stage a 1D analysis

15 employed for fault analysis.

56
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4.1 Introduction

In previous chapter, it has been shown that the torque density improvements
can be achieved also through reduced amount of material and adopting
unconventional machine topology. However the fault tolerance is still an
issue due to magnetic field generated by which cannot be removed at
event of failure. Generally, several design adaptation are included within the
design in order to address this issue. This allows the machine to fail safely,
without any catastrophic damage and also enable the machine to maintain
the same or comparable performance under fault to that when the machine
was healthy.

The most commonly implemented method of fault tolerance is redun-
dancy [I7]. However adding redundancy increases the system weight, volume
and cost. In systems where N + 1 redundancy cannot be achieved due to
these constraints, alternative [F'T| features must be considered [I8]. There are
a number of [F'T]features which can be included in machine designs which
increase the availability of the machine without adding redundancy and its
associated weight, volume and cost. [I8] 9 20].

These are:

1. Use of the concentrated single layer windings which allow the phase

windings to be separated physically and magnetically as shown in

Fig.

2. Overrating of the phase inductance, limits the phase [SC| current to a

safe value in the case of winding short circuit fault.

3. Designing the machine that is capable to withstand increased current
loading to deliver the rated output power during a fault, enabling con-

tinuous operation.
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Although the above mentioned features improve the fault tolerance of
the machine, they also reduce the torque density of the machine. However, a
design using these features has an advantage over a system using redundancy
in terms of weight, volume and cost as the system is not duplicated.

The key fault in such [FT] design is inter-turn [SC| fault that cannot be
completely mitigated due to the permanent magnetic field. During inter-turn
[SC| fault, post-fault control methods are often adopted to minimize the fault
current [28 E5] E6]. The most common post-fault control method involves
shorting the machine terminals [@6]. This method is easy to implement via
a converter without the need of any additional hardware. However, this
method requires large winding inductances so that the [SC| current is limited

to a safe value. In general, designs with 1pu phase inductance are preferred

solutions to limit the |SC| current [I8].

d)

e)

Fig. (4-1): Cross section of a fault tolerant - permanent magnet (FT-PM)
machine with single layer concentrated winding: a) coil face of phase A
b) stator core iron ¢) PM d) rotor sleeve e) rotor core iron
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The analysis will show that a single turn-turn (an inter-turn) fault is still
problematic, because the fault current mainly depends on the turn inductance
which depends on the location of the fault in the slot. More importantly, an
inter-turn fault, occurring close to the slot opening region, experiences a high
current due to its low inductance [I9 ET].

The influence of the combination on the inter-turn [SC|fault in a[faulf]

tolerant permanent magnet (FT-PM)|machine is therefore investigated. The

study considers applications where it is safe to short the terminals of the ma-
chine windings as part of the post-fault control. Using analytical tools, a set
of machines with different combinations are studied. A 2D sub-domain
field computational model with is used for design and performance
prediction of the studied machines, where the electromagnetic losses includ-
ing iron, magnet and winding losses are systematically calculated. A 1D
analysis is employed for turn-turn fault prediction by calculating the self and
mutual inductances of both the faulty and healthy turns during 4SC]| fault
condition with respect to the fault locations and thus fault current. The
obtained results show that the SC fault current is highly influenced not only
by the position in the slot where the inter-turn fault occurs, but also by the
selected slot and pole number. It has been shown that the inter-turn fault

current becomes significant with high pole numbers machines.

4.2 Inter-turn SC fault

Because[F'T-PM]machines have alternate tooth wound concentrated windings
that provide magnetic isolation between phases, mutual coupling is negligibly
small [A8]. Thus, the electrical circuit representing the phase winding during
a turn-turn fault can be described using the differential equations and
that represent the healthy turns and the faulty turns respectively.
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dI dI,
Vi(t) = L(t) Ry + Lhd—tl t+ L+ ex(t) (1)
dI, dI,

where:

e1: electro motive force in the healthy turns;
es: electro motive force in the shorted turns;
I;: phase current induced in the shorted turns;
I,: SC fault current;
Ly self-inductance of the healthy turns;
L,: self-inductance of the shorted turns;
L,,: mutual inductance between the healthy and the shorted turns;
Ry, resistance of the healthy turns;

R,: resistance of the shorted turns;

Hence, the steady-statdSC| fault current (I;), after the machine has been
shorted via the converter terminals, can be estimated using the following

equation:

B jweLim

" RyRp+w.2 (L —LsLy) +jwe(Ry L+ RyLy)
JweLp+Ry,

RyRy+we?(Ly*—LsLp)+jwe(RyLs+ R Ly,

s €1—

(3)

)

where w, is the angular electrical pulsation. From , it can be seen that
I is related to three major parameters which are resistances Ry and Ry,

inductances Ly, Ls and L,, and operational frequencies.
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For clarity, terms in can be substituted as follows:

a=L,%— L.L,
b= Rth + RsLh (4)
C = RSR}L

With electro motive forces expressed as

€1 = WEQONh
(5)

es = wWeNg
where N, and N, is number of healthy and shorted turns respectively. Sub-

stituting (4) and (5) into (3)) yields

B J Linwe
aw +bw. + ¢

weSONh_
(6)

JLrwe + Ry,
awe? + bw, + ¢

wWepN 4

where, ¢ represents the non-load flux linkage per turn. Dividing numer-

ator and denominator of (6) by w.?* yields

) . R
§Lm@Ny — jLypN, — 9N, —2

We
I, = 5 - (7)
a+j)— +
we

2
e

as w, is significantly greater than b, c and Ry, can be simplified to:

_ JLmNw  JjLapN
a a

I (8)

For considered single turn-turn fault condition the Ny = 1, therefore the

second term of can be neglected:

) Lo N
[s:J PV (9)

a
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Substituting the original term for a from (4) into (9) yields

LN N
[, = ShmeNe_ JeN (10)
L N A LsLy,
m Lm
As the second term of the denominator LL—ih in 1) is significantly smaller

compared to the first term of the denominator L,,, it can be neglected and

the equation can be expressed as:

joIN
:JSO h (11)

I,
L

From , it is evident that the steady state fault current I is pro-
portional to the number of turns and inversely proportional to the mutual
inductances between healthy and faulty turns. As with increasing pole num-
ber both the number of turns per slot and mutual inductance between the
healthy and faulty turns reduce, it is not evident how the combina-
tion influences the [SC| fault current. Therefore detailed analyses has to be

performed to draw such conclusion.

4.3 Selection of the Slot/Pole Combination

For design simplification, is considered within this study. This
allows using the analytical tool developed in house and consequently reduces
the computational time involved during the optimisation process of different
slot and pole design variants. The analysis are based on complete analytical

model in which a 2D sub-domain field computational model is coupled with

multi objective |[genetic algorithm (GA)| to obtain an optimised design for

given slot and pole number. The machine electromagnetic losses including
iron, magnet and winding losses are systematically computed at post process-

ing stage. Based on winding parameters evaluated at post processing stage,
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fault current associated to the fault in accordance with its fault locations are
estimated using a 1D model.

For the slot and pole selection, alternate tooth wound concentrated wind-
ing topologies are considered due to the physical and magnetic isolation be-
tween the phases A9 B0]. Due to the inherent FT capability, a number of
FT-PM machines with different combinations are selected for the ensu-
ing studies. In total, eight combinations have been considered for this
study, specifically: 6/4, 12/8, 12/10, 12/14, 18/12, 24/16, 24/20 and 24/28.
The design specifications, together with the considered design variables are
presented in the Table The aim of the selection of combinations is
to compare reasonable number of cases to obtain set of data that will
provide insight into the influence of combination onSC| fault current.

The slot number is selected as multiple of six (12, 18, 24) in a way to ac-

Table (4.1): Design Requirements of the FT-PM Machine

Parameter Value
Stator outer diameter (OD) 120mm
Rated speed 2000rpm
DC link voltage 270V
Phase self-inductance 1pu
Rated torque 10Nm
Split ratio (SR) Variable
Tooth-width ratio (T'R) Variable
Axial length (Isy) Variable
Aspect ratio (AR) lstr./OD
Slot opening (So) Variable
Tooth height (h;) Variable
Magnet height (h,,) Variable

Number of turns per slot (N;) Variable
Phase current (I,) Variable
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commodate three phase windings and alternate tooth winding arrangements.
For slot number selected, a number of pole combinations could be considered.
In this paper, a number of poles for each slot configuration has been con-
sidered to investigate the characteristics of the particular machine designs
during fault. The selected combinations, though, not exhaustive, are

considered to be significant enough to demonstrate such influence.

4.4 FT-PM machine modelling

Fig. represents the process involved in optimisation of the electrical ma-
chine design and both the performance and turn-turnSC]|fault analysis of the
optimised design. The optimisation process starts with initially selected
combinations in section and the fixed outer diameter (OD) of 120mm
which is limited by envelope of the target application. Other design vari-
ables such as split ratio (SR), aspect ratio (AR), tooth width to slot ratio
(T'R), slot-opening (So), tooth-tip height (h;), magnet span (a,,), magnet
height (h,,), number of turns per slot (IN;) and phase current (I,) are set as
variable parameters.

The design process is limited by three design constraints which are:
1. A maximum no-load air gap flux density of 0.9T.

2. Phase winding inductances are overrated to have lpu inductance in
order to limit the phase [SC| current equivalent to rated phase current

of the design.
3. DC Link voltage limit of the converter is fixed to £135V.

The key design optimisation target is to produce high efficient and high
mass density PM machines while satisfying the above mentioned constraints

and application requirements given in Table 4.1l A multi objective genetic
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Initial Machine Constants

Number of slots and poles
+ other constant parameters
common to all machines variants

|

Design variables
x=[SR TR AR S, ht hm am Nt Ig]

Constraints
Bairgap < 0.9
Ls<1pu
V, < 27013

Optimisation criteria
- maximize the efficiency
- minimize the mass

Multi objective

GA tool

TEffi(tien('y TMuss

2D Analytical model

Inter-turn SC current VR—
and thermal analysis

Optimal
solutions

Selection <

Fig. (4-2): The flow chart of the machine optimisation process and perfor-

mance analysis.
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algorithm (GA) is adopted for the optimisation process, in which a 2D elec-
tromagnetic model is used during the design process, while to investigate the
turn-turn [SC|fault current 1D [SC|fault model is used. It is worth noting that
by adopting an analytical model for the design and analysis the computation
time is greatly reduced whilst maintaining a high level of accuracy. Finite
element (FE) is therefore not considered here. The adopted analytical model
and the GA technique for the design and analysis are discussed in the detail

in following sub-sections.

4.4.1 2D Sub-domain Field Model

The analytical model is based on a sub-domain field model that solves Maxwell’s
equations in polar coordinates considering the associated boundary condi-
tions of each domain. In order to establish the model, the machine geometry
is divided into four sub-domains: rotor PM sub-domain (A; - region I), air-
gap sub-domain (Aj; - region II), slot opening sub-domain (A; - region III,
i=1,2..Q) and stator slot sub-domain (A; - region IV, j=1,2..0Q), as
shown in Fig. The following assumptions were made:

1. The machine has a radial geometry as shown in Fig. [4-3]

2. The stator and rotor cores have an infinite permeability and zero con-

ductivity.

3. The magnets are magnetized in the radial direction and their relative

recoil permeability is unity (u, = 1).
4. The current density (J.) over the slot area is uniformly distributed.

5. The end-effects are neglected and thus the magnetic vector potential
has only one component along the z direction and it only depends on

the polar coordinates r and 6.
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6. The walls of the slot are finely laminated so that the effect of eddy

currents within the iron can be neglected.

The magneto static partial differential equations governing in the be-
haviour of the machine in the different sub-domains can be derived from
Maxwell’s equations.

These equations are formulated in terms of vector potential as in (12]).

( (9214] n 1 814] i 1 32A1 . — Mo aMr
or? r Or r2 902 r 00
2 2
0 Arr n 194y n 1 0°Ag _ 0
< or? r Or r2 062 (12)
0% A; N 18141- N 182/11- 0
or? r Or r2 002
D*A; 1 0A; 1 0%A;
2 T o T T e

Fig. (4-3): Axial cross-section of a 6 slot-4 pole FT-PM machine.
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where, A represents the magnetic vector potential and its subscript is re-
lated to the associated sub-domains. g is the permeability of air, J. is the
current density and M, is the magnetisation radial component. Employing
the separation of variables method in each sub-domain, the general solution
can be obtained [BIl B2]. Detailed solution of can be found in [BJ.
Since the magnetic vector potential is known everywhere in each domain,

the performance of the machine can be calculated [B1] B2].

4.4.2 Performance Estimation

Using the Maxwell stress tensor, the electromagnetic torque can be calcu-
lated by considering a circle of radius r. in the air-gap sub-domain as the

integration path. Hence, the electromagnetic torque can be given as follows:

2
T. = ZSZJC / B, (r,,0) By"(r.,0) df (13)
o Jo
where,
B = %M%ér’@ (14)
A
B, — _8 1187("7”79) (15)

and [y, is the axial length of the machine, pg is permeability of air and B,., By
are radial and tangential component in the air gap sub-domain respectively.

In order to estimate both the self-inductances (L,) and the voltage (V)
of the phase windings, the flux linkage associated with the cross-section of
each slot (As) with respect to the rotor position (#), need to be determined.
The flux linkage associated with each coil can be represented by averaging

the vector potential over the slot area considering the assumption in the
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model. Thus, the flux can be described by .

¢ = lA““ / A/ A;(r, 0)rdrdd (16)

Hence, the phase self-inductance and voltage can be represented as a

function of flux as described in and :

- ¢Nph
b= 7.4 K a7)
¢
Vy = —Npww 55 (18)

where, N, is the number of turns per phase, Ky is the fill factor and w
is the rotor angular speed.

For the efficiency evaluation, the losses associated with the machine are
calculated. The three main loss components: winding losses, iron losses and
eddy current losses in the magnet are considered, while the mechanical losses
are neglected. The winding losses consist of both eddy current losses in the
slot and DC losses which take into account both the losses in the slot and
the end windings.

To estimate the winding eddy current losses in the slot, the magnetic
vector potential obtained in the slot is used. The eddy current density (.J;)
and the associated copper losses (P.) in a conductor are estimated using

and respectively.

__ 94
Je = _OW + C (t) (19)

27T/0J7'm Te2 Oc2

p o @l / //Je%dtdedr (20)
2ro

0 re1 Oc1
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where, A; is magnetic vector potential in j™ slot, o is the conductivity
and 7.1, 7w, 0. and o are the radial and tangential coordinates delimiting
the cross-sectional area of interest. In similar manner, the eddy current losses
associated with the magnet are estimated using the magnetic vector potential
obtained in the magnet sub-domain.

Both hysteresis and eddy current losses associated to the stator iron are
estimated using well the known Steinmetz equations where, the losses gen-
erated due to localized saturation phenomena are neglected. As given in
Fig. the stator iron is divided into three parts. The flux density in each
part is evaluated considering average flux density in the air gap domain.
Finally, the iron losses are estimated by using the evaluated flux density
together with the material properties from its associated data sheet. It is
worth highlighting here that flux density harmonic effects in localized point
and time harmonics associated to pulse width modulation (PWM) are not
accounted for.

Since the total electromagnetic losses (P;) are known, the efficiency (n)

can be obtained from (21):

Tow

_ 21
Pt—i-Tew ( )

’]’]:

4.4.3 Optimization Process of the Design

The design process is carried out using an optimization routine based on a
non-dominated sorting genetic algorithm (NSGAII) where above-mentioned
2D electromagnetic computational methodology is integrated to evaluate the
performance [53]. The goal of the GA is to maximize the efficiency and
minimize the mass of the machine. As previously mentioned, the optimisa-
tion envelope was constrained by the no-load air gap flux density (Buirgap),

phase self-inductance (L,) and converter voltage limit. The per-unit base
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~
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Stator subdomains:

2 1 - Back Iron
2 - Tooth
3 - Tooth tip
AAA
3
Bairgap
Rotor

Fig. (4-4): Ilustration of the stator partition for the purpose of the stator
iron losses estimation.

inductance L,, is set as follows:
—VUpy
Lpu /]p (22)

where Wpy, is flux linkage due to the permanent magnets and I, is the
rated phase current of the machine. Thus, the[SC|fault current during a fault
will be limited to its nominal value.

The machine is chosen for analysis once the GA generates a set of Pareto-
optimal solutions of the multi-objective optimization problem that satisfies
both the optimization criteria and constrains. The obtained Pareto-optimal
sets for all analysed machines are shown in Fig. As in an aerospace
application oriented study, lower mass is prioritised over the efficiency and
therefore the set of the parameters is selected at the end of first quarter of

the Pareto front with the respect to the mass. The red points in the Fig.
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Fig. (4-5): Pareto-optimal sets for analysed machines.

5| highlighting the machines selected for the fault analysis presented in
ghlig g

the paper. The design parameters of the selected machines for different

combinations are summarised in Table .21

S/P SR TR AR H, N,

Stator Machine

Mass  Weight

§ -l [ [mm] [ [kg] |kg] %]

6/4 0.65 0.64 0.67 3.1 92 220 6.41 90.15
12/8 0.65 0.64 056 4.4 52 1.98 5.12 93.41
12/10 0.67 0.46 0.68 4.3 38 261 6.28 93.55
12/14 0.69 0.43 082 3.9 32 3.06 7.52 94.05
18/12 0.59 0.59 0.89 4.6 26 3.31 7.85 94.37
24/16 0.68 0.52 0.60 4.4 24 213 4.60 93.89
24/20 0.69 0.55 0.70 4.5 23 230 5.26 95.70
24/28 0.69 0.51 0.74 4.7 20 250 5.57 93.17

Table (4.2): Final parameters of the optimised machines



CHAPTER 4. INTER TURN SC FAULT 73

4.4.4 SC Current Calculation

Once the machine design has been finalised, the [SC| analysis is carried out
at the post processing stage. A simplified 1D analytical method proposed
in [I9 is adopted for this study. The 1D model used to predict the cur-
rent is computed during post processing. A 2D model can be considered but
it involves solving the problem in each conductor sub-domain instead of in
the slot sub-domain. This would significantly increased the evaluation time
of the considered optimisation process. The adopted model estimates the
inductances during a [SC| fault condition considering that the short-circuited
turn is surrounded by the remaining healthy turns. This facilitates the ac-
curate prediction of the leakage fluxes; consequently, the inductances can be
determined and taking into account the total winding resistance the fault

current can be calculated [I9].

4.5 Performance comparison between different
slot and pole combinations

In this section, results from the investigation of the effect of combination
on inter-turn short circuit current in FT-PM are presented. This section is

divided into three subsections, where the outcomes of the individual analyses

are explained. Losses and [SC|fault current were analysed for each com-
bination and thermal analysis has been performed for selected variants.

In addition, a method which minimizes the [SC| fault current is proposed.

4.5.1 Losses and Efficiency of the Studied Machines

The loss break down for each of the machines studied is shown in Fig.
While the AC and the DC winding losses are a major part of the total losses
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Fig. (4-6): Comparison of the individual losses across the studied machines
("AC+DC” represents AC and DC copper losses, including the end winding
losses; "Iron” and "Magnets” represents eddy current and hysteresis losses in
the stator iron and magnets respectively).

in all cases, the low slot number machines show high winding losses. The
increase of the winding losses is mainly due to the bigger end windings’ length
of the machines with low slot number. The high pole number machines have
high iron losses due to the higher electrical frequency necessary for their
operation. Also it is worth noting that the 12/14 machine has higher iron
losses than the 24/16 and 24,/20 machines. The stator iron loses are dictated
not only by the fundamental frequency of the phase current, but also by the
mass of the machine’s stator core. As is shown in the Table the mass of
the 12/14 machine’s stator core is bigger than the mass of both 24/16 and
24/20 machines’ stator core and so are the iron losses of the 12/14 machine.

From Fig. and Fig. it can be seen that the 6/4 machine proved
to have the highest losses and thus lowest efficiency. This is mainly due to

high winding losses and magnet eddy current losses. If the segmentation is
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Fig. (4-7): Comparison of efficiencies across the studied machines.

adopted for the machine, the magnet eddy current losses can be reduced.
Although this would be possible, the resultant efficiency will depends on
number of segments adopted in the design.

As can be seen from Fig. it is obvious that amongst the considered
machines, the 24/20 machine variant which delivers rated output with 95.7%

efficiency is the best design choice in terms of the performance.

4.5.2 Short Circuit Current in the Faulty Turn

As explained earlier, the results of the [SC| analysis are based on a 1D an-
alytical approach. In the analysis, position of the faulty turn in the slot is
expressed by the relative position, where 0 corresponds to the outer border
of the slot, and 100 corresponds to the inner border of the slot which close to

the slot opening as is illustrated in Fig. The obtained [SC| fault currents
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with respect to the location are given in Fig. [{-9]

Clearly, for all the analysed machines, the highest [SC| current is caused
when the inter-turn fault occurs near the slot opening area. It is worth
noting that the magnitude of the [SC| fault current increases with increasing
pole number.

Although the combination of 24/20 variant has higher efficiency, it
produces the largest [SC| fault current of more than 5pu. If the focus mainly
is given to the fault tolerance, the 6/4 variant is the best candidate amongst
analysed machines. This clearly explains that a balanced trade-off between
efficiency and FT is required for the design of machines for applications where
FT is desired.

Amongst other candidates, combinations of the 12/8 and 12/10 ma-
chines have similar behaviour. It also can be seen in combinations
12/14 machine and 24/16 machine. This is because of associated electrical

frequencies which are almost equal. Although these pairs of machines pro-

Fig. (4-8): Illustration of an inter-turn [SC| fault location reference in a slot.
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Fig. (4-9): The inter-turn fault current vs. fault location in a slot (0
and 100 represent locations close to the inner and outer boundary of the slot
respectively).

vide almost identical results regarding in terms of efficiency, the 12/8

and 12/14 machines show increased efficiency.

4.5.3 Thermal Analysis of the Studied Machines

In order to visualize the thermal behaviour, the thermal analysis was per-
formed using FE software and was carried out in a coupled electromagnetic
and thermal FE environment. Two states, the healthy and faulty, are studied.
The healthy state is simulated with a nominal phase current.

For the faulty state, to minimize the evaluation time, the steady state [SC|
current obtained in the inter-turn [SC|fault analysis is injected into the faulty
turn. The remaining healthy windings are separately excited using the nom-
inal phase current. In the analysis, thermal continuity between stator and

rotor is taken into account and the thermal boundaries (stator outer surface
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temperature is fixed to 120°C) are kept the same for all cases. The con-
ductors’ cross-sectional area and insulation thickness are carefully selected
considering slot fill factor Ky = 0.5. Results obtained for four cases are pre-
sented in Fig.

The analysis proved that the 6/4 machine is the most tolerant to
the inter-turn [SC| fault, the difference in the thermal distribution in the slot
between the healthy and fault condition is almost negligible. As expected,
high pole number variants 24/16 and 24/20 shows noticeable temperature
rise at fault condition. Fig. [1-10§g), h) show that the 24/20 machine variant
has critical hotspot due to the larger fault current. It is worth highlighting
here that although 24/16 machine variant is subject to less magnitude of
worst-case current than 18/12 variant, it has poorer thermal behaviour.
This is due to the windings resistance associated to the 24/16 machine variant
which is higher than in case of 18/12.

From the analysis and the results presented in Fig. and Fig. it
can be summarised that analysed low pole number PM machines are suitable
for FT design although they have low efficiency compared to the analysed
high pole number machines. Overall, the 12/8 and 12/10 machine variants
proved to be the best compromise for such F'T designs since they have higher

efficiency and the [SC| current almost twice the rated value.

4.5.4 Modifications towards SC Current Reduction

Although the 12/8 and 12/10 machine variants are best choice amongst oth-
ers in terms of FT and efficiency, those machines have almost twice the rated
current when fault occurs close to the slot opening region. One way of min-
imizing the fault current is to design the machine with a larger inductance
which can be even higher than one per unit inductance. Whilst possible,

this would result in a lower power factor and a significant reduction in the
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Fig. (4-10): Thermal distribution in a slot of: 6-slot, 4-pole machine under
(a) healthy, (b) faulty condition; 18-slot, 12-pole machine under (c) healthy,
(d) faulty condition

achievable torque density.

Alternatively the maximalSC|current can be maintained at twice the rated
by avoiding, the placement of the winding closer to slot opening region. From
Fig. |4-9, it is obvious that by using only 90% of the slot for the winding and
avoiding 10% closest to the slot opening region replaces the maximalSC] fault
current significantly. For the 12/8 and 12/10 machine variants, thdSC|current
can be limited under 2pu, if the 10% slot region is avoided. However, this will
reduce the slot fill factor, consequently increasing the DC losses. However it
would be beneficial if the machine is operated at high speed as the AC losses
would be reduced [54].
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Fig. (4-11): Thermal distribution in a slot of 24-slot, 16-pole machine under

(e) healthy, (f) faulty condition; 24-slot, 20-pole machine under (g) healthy,
(h) faulty condition.
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Fig. (4-12): Thermal distribution in a slot of 12-slot, 8-pole machine under

(i) healthy, (j) faulty condition; 12-slot, 10-pole machine under (k) healthy,
(1) faulty condition.
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4.6 Conclusion

This chapter has highlighted the issues on permanent magnet assisted ma-
chine under the [SC| fault. From the analysis, it is evident that the perfor-
mance has to be compromised to achieve a better [F'Te] To achieve a high
torque to mass ratio, it is required to have higher pole number. On the other
side, high pole number significantly influences the fault current. To improve
the [F'Te¢] without compromising the torque density, alternative design topolo-
gies should therefore be considered. The topology that eliminates the

material would be an ideal candidate. This is the subject of the next section.



Chapter 5

Field Wound Flux Switching
Machine

This chapter introduces an idea of utilisation of the ex-
isting stator and performing its rotor modifica-
tion to transform it to the[FWFS; a magnet less machine
to create cheaper machine with improved capability.
Minor but necessary modifications regarding winding con-
nection are presented and the process of the optimal rotor
design is fully described as well as the final design of the
rotor optimised for mazimal torque performance. Also
the trade off between the best performance and practi-
cality of the solution is risen and the consequences are

elaborated.

82
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5.1 Introduction

As was pointed out Chapter [4] the inter turn [SC| fault can have serious
consequences for the machine condition, especially if it is [PMSM]| used in
a direct drive application. There is no simple and non-destructive way of
de-excitation of in case of [SC| fault occurrence. Although the electric
machines containing or utilising the for excitation purposes achieves
high torque density among other types of electric motors, the use of the
increases the manufacturing cost of the motor.

Hence for the applications, where the main factors of the valuation of the
suitability of the machine are costs and [F'Te| while lower torque performance
is acceptable, the way of an machine topology with alternative excitation
system allowing omitting is the solution that can deliver desired low
cost while improved solution. The excitation system can be chosen with
the stress on its controllability and the manufacturing simplicity, therefore
there will be no charges for materials and manufacturing costs coupled
with their fitting and also the emphasis can be on designing machine with

the rotor topology of simple geometry.

5.2 The task

The opportunity to use one of current machines manufactured by the Cum-
mins Generators has risen. In detail, use the stator of so called Gen 3.1
machine with none modification in its geometry and with minimal changes
in coils arrangement to create a new machine that would utilised not
at all and offered higher [F'Te| capability in case of the inter turn [SC| fault
compared to Gen 3.1.
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5.3 The motivation

The reasons behind, why to even investigate such possibility are evident. The
Gen 3.1 has been designed to deliver requested performance and to fulfil its
duty. It is obvious, that the effort and and finance put in the design of the
Gen 3.1 can be increased by utilising the Gen 3.1 stator for another type of
machine. Also simplifying the rotor structure together with avoiding

means noticeable price drop.

5.4 The benetfits

As has been pointed out already, the fact that the new machine is excited
by winding instead of brings huge improvement in [F'Te| capability as in
case of inter tyrn [SC|fault the excitation is under control and can be used to
minimise the consequences of the fault. This makes the machine great
candidate for direct drive application or for applications, where the machine
cannot be disconnected from the drive train, but is in use only for part time

of the operation.

5.5 The evaluation criteria

Although there is no intention to deliver machine with comparable perfor-
mance to Gen3.1, the main evaluating factor is torque performance. The
reason, why these two machines won’t be compared are, at first, because the
application of the two machines are different and second, it is rather very
challenging to design a machine of the same size and power rating with at
least similar torque capability with and without any used, while using
the same stator configuration. Although it has been pointed out that the

torque wise the machines can not be compared as it is, the design of the
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machine is focused on maximising the torque performance. To achieve con-
ditions under which the machines’ comparison can be considered as fair, the
nominal current of the new machine is set to be the current of equal copper

losses as during the Gen 3.1 normal operation.

5.6 The Gen 3.1

The Gen 3.1 is an [inset permanent magnet synchronous machine (IPMSM)|

designed by the Cummins Generators for traction application and it is already
implemented on large size hybrid vehicles such as hybrid buses and trucks.
It is a three phase 30kW, 16 poles, water cooled machine that accommodates
concentrated winding placed in 24 stator slots with 8 coils per each phase.
The coils in each phase are connected in parallel and the three phase winding
is connected through the connection rings to allow operation in the delta
connection.

The detail of the section of one quarter of the Gen 3.1 is shown on the

Fig b-T and its detailed parameters are summarised in the Table [5.1]

Fig. (5-1): Cross section of quarter of the Gen 3.1
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Parameter Value Units
Nominal torque 220Nm at 1300rpm

Peak torque 660Nm at 868rpm

Stator OR 200 mm
Rotor OR 145 mm
Tooth type Parallel tooth

Stack length 85 mm
Air gap length 1.7 mm
Number of poles 16 -
Number of slots 24 -
Number of parallel paths 8 -
Turns per slot 73 -
Magnet mass 2.7 kg
Connection Delta (concentrated)

Table (5.1): Parameters of the Gen 3.1

5.7 Principle of operation of the FWFSM

Prior the design of the machine, the principle of operation of the machine

must be clear, hence it is going to be explained bellow. A section of the

[FWEFS) is shown on the Fig. [FWEFS| machine is characteristic by two

types of windings placed in the stator slots. These are armature and field

Fig. (5-2): Section of the quarter of the FWFS
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winding and their placement in the slots alternate. Further will be referred to
the tooth surrounded by an armature coil as armature tooth and similarly to
a tooth surrounded by field coil as a field tooth. The field winding provides
machine with the excitation. To ensure correct function of the machine,
the flux linkage produced by one field coil must be opposite to the direction
of the flux linkage produced by the adjoining field coil. This will enable
change of polarity of the flux linkage in the armature coils. The direction
of the flux linkage produced does not change and remains the same during

the operation of the machine. Armature windings are placed in remaining

(b) Rotor displaced by 90° electrical

(d) Rotor displaced by 270° electrical

Fig. (5-3): One electric cycle rotation of the rotor in four steps, 90° electrical
each. Only field winding is fed.
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slots following the pattern to enable three phase operation. This pattern is
changing accordingly with number of rotor segments used.

To demonstrate the function of the three phase [FWES] one electrical
cycle of the rotation is shown on the Fig. and corresponding phases of
the induced [BEMF] flux linkage in phase A are shown in the Fig. from
which is also evident, why the initial position was chosen in this point.

In the initial position , Fig. p-3a] the rotor segment is aligned between
the the field tooth and tooth encircled by one of the phase A coils. The
flux linkage produced by the field coil is linked to the armature coil through
the air gap and the rotor segment. With the displacement of 90° electrical,
Fig. [5-3b] the rotor segment moves into the position, where no flux is linking
the field and armature coil. This is the first moment when the flux linkage
in the armature coil is zero. In another 90° step, Fig. the segment is in

the position, where it links the armature coil with another field coil. Hence

100

a
o

o

&
<)

Phase Voltage [V]

Flux linkage [Wb]

- L I I
O'060 90 180 270 360

Fig. (5-4): Rotor rotation of one electrical cycle with current only in field
winding
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the flux in the armature tooth is now of opposite direction than in the first
step.

The last step, (Fig, the segment gets for the second time in the
position where is no flux linked to the armature coil and the cycle is complete.
By extending described process to the remaining armature coils and hence
other two phases, the machine is capable maintaining three phase operation
assuming correct ratio between the number of stator slots and rotor segments.

Here is worth point out that as was just shown, the field teeth are during
the operation stressed with the unipolar flux linkage, while the armature
teeth and back iron part that connect the armature teeth to the field once
faces bidirectional flux. It also shows, that when the magnetic flux from field
tooth linking adjoining armature coil, all the flux is flowing through the back
iron. This is different situation from operation of the Gen 3.1 , where the
flux flowing from a tooth split on both sides.

Hence the stator back iron of the Gen 3.1 is of half thickness of the stator
tooth, the optimal width of the FWFSM] stator back iron should be of the

same thickness as the tooth.

a

Fig. (5-5): Direct and quadrature axis interpretation in [FWEFS| machine



CHAPTER 5. FIELD WOUND FLUX SWITCHING MACHINE 90

However, it can be seen from the that the back iron is not saturated,
even the flux produced by the field coil does not split in two ways, but all

the flux flow in direction to the one of the adjoining armature teeth.

5.8 Stator related modifications

Although one of the main design conditions was not to modify the geometry
of the machine stator, minor changes have to be done in the way how the coils
are going to be connected to allow proper function according to principle of
operation of the FWES|machine. Hence the rings, used to connect the phases
of the Gen 3.1 in to the delta connections can be removed, as they are not
providing the flexibility needed in coils arrangement needed. After their
removal, the space cleaned can be used to bring out terminals of every coil
out of the casing and achieve flexibility in changes of the way how their are
connected and utilised. This can be seen in the Appendix [B.I} This is the
only modification regarding the stator during the whole process of Gen 3.1

modification.

5.9 Rotor design process

The process of the rotor design is described in several steps. As it has been
already identified that the best alternative type of the machine is the FWES]

the design process consists of following steps:
e Number of the rotor segments determination

e Segment shape and dimensions optimisation to deliver best torque per-

formance

e Performance analysis
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e Modification to the proposed rotor design based on the previous anal-

ysis

5.9.1 Number of segments

The Gen 3.1 is [PMSM] with 16 poles, ie. 16 inset into the rotor. As
was shown in the Section 5.7 the number of rotor segments influences the
operation of the machine in many ways. In the number of segments defines
pole pair number of the machine as the electrical angular speed of is
given as:

We = NgWyn (1)

where ng is number of rotor segments and w,, and w, are mechanical and elec-
trical angular speed respectively. Also not all the numbers of rotor segments
work ideally with the 24 slot stator or at all.

The rotors that were initially considered were with 7 to 24 segments. This
range was chosen due to the fact, that smaller number of segments would lead
to ineffectively big segments, considering the diameter of the machine’s rotor
and rotors with number of segments equal or larger than the number of slots
would conclude in segments not able to fully overlap the adjoining teeth.
Most of these rotors have potential to work in combination with 24 stator
slots, apart from some of them. These are the rotors with number of segments
divisible by three [55]. This rotor topology leads to a single phase machine.
Also the the rotors with odd number suffer from unbalanced magnetic force
and hence are not preferable if other segments number can provide balanced
performance.

The first step to find the ideal number of rotor segments was a no load
test with rotors equipped with the rotor segments within the range of 7 - 24

segments. The results are shown on the Fig. that shows results for one
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phase, but for each of the coils separately and on Fig. [5-7 where the voltages
are summed up and added remaining two phases to get complete three phase
Although the results were produced without any further optimisa-
tion of the segments shape, hence the performance between the machines
cannot be compared, at this stage such simplification is not a problem, as
the overview it provides over the |BEML]is still credible.

As the result, it can be seen that the rotors with segments of multiple
of three cannot generate three phase BEMF|and hence cannot be considered
for this application. Apart from this, it is shown, that rotor with equal
number of segments and slots does not produce any The rotors with
7,13,17,19, and 23 segments generate [BEMF| with double the frequency of
the actual electrical cycle. Rotors with 8,16 and 20 segments produce |[BEME]
with high harmonic distortion and hence the remaining rotors with 10 and 14
segments are concluded as the topologies to be investigated further towards

as the candidates.
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Fig. (5-6): BEMF for one phase consisting of four coils for FWFS machines
with 7 to 24 segments on the rotor for one electrical period. ag = 1.7mm,
speed 1300rpm.
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Fig. (5-7): Three phase BEMF for FWFS machines with 7 to 24 segments
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on the rotor for one electrical period. ag = 1.7mm, speed 1300rpm.
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Comparing the BEME] of both the machines with Wye windings connec-
tion, the result of the [fast Fourier transformation (FF'T)|showed on Fig.
in both machines is first harmonic dominant, but [BEME|of the machine with

10 segments is influenced also by the third harmonic.

The torque comparison of performance under the load, showed on the
Fig. in respect to mean torque resulted better for the rotor with 14 seg-
ments. Therefore based on these outcomes, from all the considered number
of segments, the optimisation and design process focus on the rotor with 14

segments.
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Fig. (5-8): Comparision of the machines with 10 and 14 segments
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Fig. (5-9): FFT of the BEMF|for 10 (a) and (b) 14 segments rotor
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5.9.2 Segment dimensions

For the optimisation process three parameters of the segments were chosen.
They are visualised on the Fig. and are namely Segment span, segment
depth and base width. These parameters were iterated and for every com-
bination of them was simulated load operation of the machine. Then, the
performance was evaluated and the machines were compared regarding their
mean torque performance.

The boundaries of the segments dimensions were based on the geometrical
limitations. The depth of the segment was limited due to the possibility of
using the rotor hub of Gen 3.1 , to further increase the proportion of reused
parts. Also the segment span was limited in the way, that its lower limit had
to be big enough to overlap two adjoining tooth and its upper limit was set
to avoid unwanted leakage between two segments. Base width was limited
in the to respect the distance given by the segment span, it means that the
point, where the two segments are closest to each other is at the tip of the
segment.

After the first set of simulations, it became obvious that regarding seg-
ment span, the wider it is, the better performance it provides. Hence the
optimisation process was later reduced to two parameters, the segment depth

and segment base width. The results for all simulations are visualised in the

Segment Span

S —

Segment Depth
!

Base Width

Fig. (5-10): The segment parameters for optimisation
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Fig. B-111
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Fig. (5-11): Outcome of the segment dimensions optimisation for 1300rpm,
I, =23.6AI; =16.7A and 1.7mm air gap

5.9.3 Air gap variation

The Gen 3.1 was designed with the active of 1.7mm thickness.
This thickness is optimal for such a[PMSM] machine, as it reflects the design

and the air gap flux density restrictions. It is hence convenient to choose the
1.7mm[AG|as the base for the torque performance across the variations of the
as shown on the With the FWES| machine, [AG] can be minimised,
to improve the torque performance. Although it has been stressed out that
the direct comparison with the Gen 3.1 torque wise is not the appropriate,
it worth note the absolute values of the achieved torques at various

To make the comparison fair, the machines are simulated under the current
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Table (5.2): Comparison of torques of FWE'S machines of various AGs against
Gen3.1

Machine variant Mean torque [Nm]|
Gen 3.1 220.0
FWES 0.5mm AG 139.5
FWEFS 1.7mm AG 33.8
FWEFS 4.0mm AG 13.5

loading, that will create the same copper losses, as if the Gen 3.1 is fed by its
rated current. It means Iy = 9.6A4 and I, = 16.6A. The results are summed

up in the table .

3.5 T

0.5mm AG
3,
2.5F
=
&
o 2r
=
2
g
g 15¢
Q
= Gen 3.1 AG
1 |-
0.5
Prototype AG
0 i i i ‘
0 1 2 3 4 5

Air gap thickness [mm]

Fig. (5-12): [FWFS| machine air gap variation

The simulations showed that by shrinking the [AG| thickness to 0.5mm,
the torque could be improved more then three times compared to the 1.7mm
Unfortunately, in the case of our machine, the air gap not only could not
be decreased, but it had to be increased to 4mm. The main reason behind
such step against the torque performance, was to maintain control simplicity.
As the machine control scheme consist of three phase inverter to control the
armature winding, the field winding could be controlled by a simple DC

supply. Lowering the air gap would cause unipolar voltage ripple in the field
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winding. This would mean, that to maintain a constant DC current, an AC
voltage would be needed and hence a simple DC supply would not be able
to control the field current. With the 4mm [AG] the the field voltage ripple
is not removed, but it is suppressed, therefore to keep field current constant,
only unipolar DC voltage is required.

Due to this complication, the segment’s dimensions that were optimised
for 1.7mm [AG] had to be redesigned in the same way, as was described in the
subsection to obtain design that respect the new circumstances.

The final shape and dimensions of the segment are shown on the Fig.
and The stack length of the pack is 86.75mm and it is cut of silicon
steel M235-35A with lamination thickness of 0.35mm as is evident from the

material name.

136.9°

‘LTRAZJ

2130 p

i TYP  80°

o

63. 1

Fig. (5-13): Final segment dimensions
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Fig. (5-14): Final segment dimensions - isometric view
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5.10 Conclusion

In this chapter, the Gen 3.1 was introduced and the motivation and benefits
behind its re-utilisation were highlighted. The machine has been
identified as a machine with the stator topology very similar to the Gen 3.1
therefore the rotor could be designed accordingly to the needs of the stator.
Minor changes to the stator were introduced and the whole design process of
the rotor was described. Following the analysis of best combination of the
number of segments and number of stator slots, the rotor with 14 segments
was evaluated as the best performing. Then the segment’s shape optimisation
was described and trade off between torque capability, technical difficulty
and control strategy has concluded in the concession of larger air gap to keep
the possibility of simple control topology with a simple DC current supply
instead of need for another inverter. This choice of the 4 mm air gap thickness
had its negative influence on the performance of the machine in a way that
the achievable output torque resulted in ten times lower value compared to
the machine design with 0.5 mm air gap thickness. The dimensions of the
rotor segments were therefore redesigned to improve the torque performance
under the new conditions and the draft of the segment was presented. The

experimental validation of the final design is presented in following chapter.



Chapter 6

Experiments on the FWFSM

This chapter presents the experimental rig that has been

built for the experiments and tests performed on the[FWFSM,
The results obtained from the experiments on the[FIWFSM|
and their comparison with the predictions based on
analysis and models of the |FWFSM| are provided. The
experiments are divided into no load/no excitation and
load tests, where each part contains set of experiments.
Description of each experiment is provided, as well as

comments on the results.

102
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‘
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M
for =
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dSpace

Fig. (6-1): machine test rig
6.1 The experimental rig for the FWFS ma-

chine

The Fig. [6-1] shows experimental rig configuration while the control scheme
used during the experiments is shown on Fig. 6-2|

The rig was controlled through modular dSpace that was connected to
three SKAT modules connected to a common DC link bus bars.

First two SKAI modules were used for powering the FWES] one for arma-
ture, and second as a DC/DC converter to supply the field winding. Third
SKAT module controlled the TM.

DC link
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0) ‘ da v abe = cycle
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L 1
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Fig. (6-2): [FWFS|drive control diagram
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6.2 No load experiments

Figure Fig. captures the BEME| amplitudes during the no load test with
three different levels of field current from speed of 100rpm up 1400rpm. As
shows very good match with the model across the full spectrum of
speeds and tested levels of the field currents. Some samples captured on via
scope are presented in Fig. where the Y axis is common for both, DC
field current (blue colour) and the three phase armature It shows the

quality of the DC current control without any ripples or noise.
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Fig. (6-3): [FWFS| machine at no load with varying speed and field current
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Fig. (6-4): Set of no load experiment results with various speeds and field
currents

6.3 Load Test

The [FWES| machine was tested under load in range of i, current from 54
to 25A and in terms of field current ¢y from 54 to 15A. These values have
been chosen as in the tested coil arrangement, when the armature winding is
formed from the coils connected in series and phases connected in star and all
the field coils are connected in series as well, the current loading in compare
to Gen 3.1 is 16 Arms. although due to the large air gap and, half of the
slots used for field winding and with no [PM] the results show that these two

machines are too different to be comparable.
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Fig. (6-5): Load test with various values of armature and field current at
speed of 100rpm

[
[N

N N

o ol

O

Field Current [A]
S
o
Mean torque [Nm]

15
iq Current [A]

Fig. (6-6): Torque map of the FWFS| machine for 100rpm and various values
of the armature and field current
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6.4 Conclusion

In this chapter, the experiment results and performance under the no load
and load conditions are presented. The results confirm the prediction, that
the decision to design the machine with the 4 mm air gap will have significant
influence on its performance. In details, at the comparable copper loses,
the machine delivers sixteen times lower torque in compare to Gen
3.1. However, in previous chapter was shown that this could be addressed
through reduction of the air gap thickness. It was also shown that the [F'WE'S
machine with 0.5 mm air gap would be capable of torque only 1.8 times lower
compared to Gen.3.1. It was shown, that although there is a potential in
the rotor design for improvement, the restrictions given by, but not only,
the original design of the stator, the geometry of the magnetic circuit, the
number of turns per coil and conductor cross section area are too strict to
give enough variability to design a machine with a competitive performance
in compare to the Gen3.1. The data obtained from the simulations match
those from experiment results and also the concept of with unusual

ratio of axial length to rotor diameter has been proved as valid.



Chapter 7

Conclusion

The thesis addresses the design and tests of the unconventional electrical
machine topologies designed for more electric applications in which the fault
tolerance and torque density are the main factors. The challenges of utilising
the material within the machine and their advantages over field wound
solutions are addressed through an extensive simulation study and experi-
mental validations. Initially, the unconventional topology is proposed
to improve the [['Te| capability and lower the costs whilst achieving significant
improvement in the torque with minimal volume of PM material. The [FRM
was manufactured and the results of the were validated through exper-
imental work. The experiments have confirmed that the predicted results
have good agreement under both the no load conditions and load conditions.

It also has been confirmed that the machine can be classified as the
machine because it satisfies the criteria in which continuous operation
under fault can be performed and thus the function can be maintained by
overloading the machine whilst accommodating the fault. Though, the ma-
chine belongs into the category, an inter-turn fault will be a problematic
since the field due to the magnet cannot be simply removed. However, the

PMs| can be accommodated if the appropriate design selection in terms of

108
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slot and pole numbers has been made.

In Chapter [ the influence of the combination on inter-turn
current in permanent magnet assisted machines was investigated. The 2D
sub-domain field computational model with the was used for the de-
sign and performance prediction of the considered machines. The machines’
electromagnetic losses including iron, magnet and winding losses were sys-
tematically calculated using analytical tools. During the post processing
stage, the 1D analysis was employed for turn-turn fault analysis. The method
calculates self and mutual inductances of both the faulty and healthy turns
under the [SC| fault condition with respect to the fault locations, and thus
the [SC| fault current considering its location. Eight machines with
different combinations were analysed. Both the performance of the ma-
chine during normal operation and when currents were induced during the
turn-turn [SC| fault were investigated. To evaluate the thermal impact of each
combination under the inter-turn fault condition, the thermal analysis
was undertaken using [FEM] It was concluded that the low rotor pole num-
ber machines have better fault tolerance capability whilst the high rotor pole
number machines are lighter and provide higher efficiency. However, is
still challenging if the it combination with high performance is required to
be achieved by the application.

To overcome the challenges related to the [SC| fault, the topology which
eliminates the [PM] material and works on a basis of the field winding was
developed in Chapter[5] As the [SC|fault cannot be fully eliminated, the solu-
tion which prevent the catastrophic failure and minimises the consequences
by using the excitation system instead of the was proposed. The mod-
ification of machine towards improvement of the [['le| was presented in
detail. Different rotor structures were investigated and optimised to max-

imise the torque performance. It has been confirmed that using stator of



CHAPTER 7. CONCLUSION 110

existing machine and replacing the current rotor containing not only
improve the but also down size the manufacturing and material costs.
Finally, the proposed machine solution was tested at both load and no
load condition. It was shown that the assumptions based on the were
valid and the machine has the potential in applications where and ex-
citation field weakening performances are required. The advantage of fully
controllable and hence removable excitation field limits the volt-amp rating

and the losses associated to the converter.

7.1 Future work

The study will be further extended through following studies:

e Due to the restrictions on the stator in considered design, only rotor
is optimised to enhance the torque. The torque density of the design
can be further improved adopting completely free stator and rotor se-
lection in which the winding methodology and magnetic path will be

investigated.

e Another challenge involved in the field wound flux switching machine
is to investigate the rotor losses which take place in the rotor hub. Dif-
ferent material selection allows minimising the losses whilst enhancing
the mechanical stability. Also alternative rotor structure made of lam-
inated steel can be considered to minimise the rotor magnetic losses
as shown in Fig. below. The design the magnetic path has to be

optimised in order to improve the performance.

e To achieve the most out of the separated armature and field winding,
both the field winding and armature winding should be controlled sep-
arately. However, using the field winding as an input filter of DC link



CHAPTER 7. CONCLUSION 111

side of the 3 phase voltage converter, both the windings can be con-
trolled as a modular approach where field winding connected to DC

side and armature winding controlled by H-bridge.

Fig. (7-1): Concept of new FWFSM rotor
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FWEFS rig and manufacturing
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B.1 Stator

Fig. (B.2): Reconnection of the stator coils - wider view
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B.2 Rotor hub

Fig. (B.3): Aluminium rotor support
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B.3 Rotor segments

Fig. (B.4): Rotor segment cut out
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B.4 The FWFS test rig

Fig. (B.6): Backe end of the FWFS|machine with encoder and coils terminal
box
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" dspACE

Fig. (B.8): dSpace + interface board



Appendix C

Rotor drafts
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