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Abstract

This thesis reports on an investigation into the winding losses of high pewsity brushless
permanent magnet machines. The research is performed in the context of a design study for a
350kW, 6000rpm machine for aerospace propulsion with an emphasis on methods for
increasing the electric loading that can be sustained in the. stafmrticular focus of the
research is the use of solid bar conduc#dttsough this type of conductor tends to give high

level of AC losses if not properly designed.

A design study is undertaken to establish a machine design capable of meeting the 350kW
specification which includes initial sizing and sensitivity studies on various design features and
dimensions. This yields a design based on a large-sems®n solid bar winding, which on

the basis of quasitatic considerations, was capable of meetirgyspecification. However,
consideration of AC losses in the stator winding caused by induced eddy currents result in
almost an order of magnitude increase in conductor loss which would be unsustainable in

practice.

A series of strategies to reduce AG3$ were investigated specifically thepe@sitioning of
conductors, magnetic stotedges, paralleling and transposition, consideration of aluminium
and hybrid copper / aluminium windings and the optimisation of core geometry to alleviate
flux in the stato slot. The optimum combination of these strategies result in a rAkedd 7
reduction in the conductor loss, making a solid bar winding competitive with a traditional
wound machine in terms of loss while retaining the tr@aisfer advantages.

The role ofLitz wire as an alternative conductor is investigated in detail, including a
comparison in both twand threedimensions of various methods for calculating eddy current
losses in Litz. Machine level simulations of the reference design equipped withilgtare

reported and comparison drawn with bar conductors.

The thesis culminates with a series of experimental measurements on a motorettestoipboth
wound bar conductor and Litz wire, which provide a level of validation for the simulations and

highlight the challenges of measuring AC loss in Litz winding in representative stator cores.
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Chapter 1introduction

1.1 Background information

There is a growing worlgvide trend to move awdyom fossil fuels for transportation with the
electrification of transport being a key factor in this transition. In the automotive sector, hybrid
electric vehicles (HEV) and pure electric vehicles (EV) are becomingneves popular.
Electrical machinesof automotive applications are now a mainstream technology with many
manufacturers having products in the market that meet the required performance specification.
There remains significant pressure on cost reduction with ambitiousstdrpend an interest

in moving away from rarearth magnets but in general electrical machines have reached the

level of power density and efficiency that meet the demands of lHEYE&Vs.

In recent years, the deployment of electric hybrid propulsion systems into aerospace industry
has attracted much attent[8i{3][4][5]. However, the implementation of electrical machines

in aerospace as propulsion systems is not as well developed as in the automotive sector. All
electric or hybrid propulsion in aircraft still faces significant performance gaps, particular the

constraints on battery storage energy density.

Various roadmaps ka identified the need to achieve overall drixegn power densities in the

3 kW/kg range, which includes the energy source. As an exarigleel.1 shows the various
targets for improvements in power density proposed in the Aerospace Technology Institute
technology roadmaj®] for the various components that would make up adaildrivetrain.

As can be seen, the 2026 target is 13kW/kg which increases to 25\\2K§0. It is important

to note that whereas these levels of power density have been demonstrated in some-very high
performance machines, at least as transient -t ratings these machines have been
focussed on high power density, usually at somealpem efficiency. Efficiency and power
density are often in conflict during the design and hence the challenge of getting to 25kW/kg
for propulsion machines is that the range of the aircraft is proportional to the efficiency of the

electrical machine sae the full propulsive power passes through the magijne



Ultimate
Target

2026 2030 2050

Electric motor Power Density (kW/kg) 13 23 25
Power electronics (Inverter) Power Density (KW/kg) 22 40 60
Power electronics (DC-DC) Power Density (kW/kg) 15 40 60
Fuel cell stack Power Density (kW/kg) 7 9 16
Thermal management system* Power Density (kW/kg) 6 7 20
Air-supply system* Power Density (kW/kg) 1 1 3

Electrical propulsion system Power Density (kW/kg) 1.0-15 1.5-2.0 3.0-35

*For thermal management system and air supply system the power used to calculate power density refers
to amount of heat dissipated, and compression power required to support the system.

Figure 1.1 Technology Roadmap targets for power density of various components ctalfpeiwered electric drivetrain
for aerospace propulsion (Source: ATI)

The main advantages of hybrid propulsion systems are lower emission, lower energy
consumption and reducedoustic noise. Alklectric aircraft may play a role in small personnel
transport such as aiaxis and small aircraft but for the mediterm, studies suggest -all

electric propulsion is unlikely to be viable in medium and larger air@hft

Hybrid propulsion, in which a gasirbine is used in combination with various electrical drives

is likely be implementedn stages, starting with small regional aircraft in which electrical
propulsors are distributed across the wing as showigurel.2. In some of theseoncepts, a
gasturbine is used as a prinmeover for a large generator with the propulsion beinglalttric.

Another likely mediurrterm development is the adoption ofcalled boundary layer ingestion
systems such as that showifrigure 1.3. In this type of system, the main propulsion is provided

by standard gas turbine engines, but the rear of the fuselage is fitted with a duct that contains a
series of electricalriven fand9]. Although they provide some additional propulsion, the main

role of the BLI system is to ingest the turbulent air flow over the fuselage resulting in a

significant reduction in drag and projected fuel efficiency improvements af L@%%[10].



Figure 1.2 Distributed electrical propulsors in a small hybrid aircraft (NASA Sceptor corjtépt

Figure 1.3 Aircraft with boundary layer ingestion system at rear of fuselage (s¢9fre

The pover rating of electrical machines required depends on the size and configuration of
aircraft, ranging from 0.5MW for small aircraft to 30MW large aircraft. Typical power ratings
for different classes of aircraft are showrFigurel.4.
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Figure 1.4 Power ratings of different size of aircraft (Sourg&i])

As can be seen froffigurel.4, it is estimated that 0.5MW total propulsive power is needed to
power a 9 seat small size aircraft. This can be achieved by implementing a combination of two
250kW machines. Larger aircraéiquires power rating in tens of MW range. There are many
possible combinations of machine ratings that could be used to achieve -Miutiverall

power rating, distributed propulsion with severa2NMIW electrical machines driven from
separate power convers offers a good combination of redundancy and distribution of mass.

A useful measure of machine performance for aerospace applications is gravimetric power
density with units of kW/kg. Electrical machines used in aerospace section usually have active
power density range to 8 to 23kW/k#2]. In [13], the design of a 300kW 13,350rpm surface
mounted permanent magnet machine for small aircraft is described. This machine achieved
active power density (i.e., excluding structural elements) of 10kW/kg and provides some design
guidelires for a medium sized machine in aerospace. When power ratings of aircraft increases,
the output power of single machines needs to enter the MW fad{j@5][16] and this is

usually achieved with combination of high speed (up to@®bfim) and high power density.
Pushing the operating speed near 20,000 rpm inevitably introduces extra demands on rotor
design in terms of mechanical stress. In some aerospace applications, there is a preference for
fault tolerant capability. This is aclwied with various features such as diaale windings and

multi-phase modular topologi¢%7]. As an example, the machine reportedlf] split the

4



stator into six phase modular systems which will also eases the assembly of concentrated

winding.

There are two prominent aspgof design which feature prominently in literature, viz. high
power density and efficiency. It is worth noting that sinceny electrical machines for
aerospace applications have historically been developed for ancillary applications such as
generators, pumd48] [19], andsurface actuatof®0] [21], the emphasis has been on power
density and not efficiency. It is only with the emergeoiceonceptgor hybrid-electric and all

electric propulsion that greater attention has been paid to efficiency.

1.2 Design features of highower density machines

As discussed previously, achieving high power density is arguably the critical design objective
in terms of releasing a viable solution for hglgpropulsion aircraft although not at the expense

of efficiency. To increase the power density of electrical machines, several strategies can be

implemented:

1.2.1Adoption of advanced materials and manufacturing processes

The adoption of advanced materials for magnetic, electrical and structural components can
boost machine performance but often with an associated high cost. An example of emerging
technologies that one day might play a role in improving both the powetydandiefficiency

of electrical machines is a novel conductor material called -CNTconductor made of
composite of copper and Carbon Nano Tubes (CNT) is propo$22]itOne major advantage

of this conductor is that its electrical resistivity is less sensitive to temperature rise than copper
itself (a lower temperature coefficient) which makes it competitive for high performance
electrical machines. In addition, this material hagher currentarrying capability and lower
weight than copper. All these features make it very promising, but its stability and integrity

needs further experimental optimisation and validation.

Additive manufacturing has also attracted much attention recently. Additive manufacturing
processes involve the creation of thokmensional objects by depositing materials in layers.
There are various additive manufacturing processes depending on how the raalsvater
treated (for example, sintering, fully melting of material by electron beam or stereolithography).
According to[23], powder bed fusion is the miorelevant additive manufacturing techniques

in the electrical machine sector. One of the advantages of additive manufacturing is geometric
freedom since the shape of an additively manufactured component can be readily customized.

In addition, unlike traiional manufacturing process that many small parts are assembled to

5



form a product, additive manufacturing allows to manufacture a complex device in one piece.
In [24], a custom shaped coil was manufactured in which the individual conductesenbiss

was shaped using information on the applied field in order to minimise eddy curre#ross.
additive manufactured conductor material which has a chemical composition of AISi1OMG is
proposed in[12]. With help of an additive manufactured aluminium alloy conductor, a
customized shape of rectangular hollow conductor was manufactured to accommodate cooling
channés and thus allows operation of high current density of 19A7amd can achieve a high
power density of 20.8kW/kg. In addition, by changing build orientation and heat treatment, the
conductivity of proposed aluminium alloy can be reduced to 17.4 IACS%hwais attracted

much attention for AC loss related topics.

1.2.2Increased electric loading

Increasing the current density in the windings and hence the electric loading for a machine of
a given size will directly boost the output torque but at the expenserefised losses in the
winding. Hence, any attempts to increase electric loading requires careful thermal management
to maintain the winding temperature within acceptable operating [ih#{E25][26][27]. One
interesting idea to improve current carrying capability of conductors is to implement hollow
copper conductors with circuit duct in the mid{®2]. This type of conductor usually has
rectangular crossection, and the cooling fluid flow directly in ducts to improve heat
dissipation. With adoption of hollow conductor and aggnee cooling method, current density
could be increased over 20A/mniHollow conductors can be formed using a modified wire
drawing method and so can be made from the same alloys and hence achieve the same levels
of conductivity. The novelties of adoptingollow conductor are all related to high current
carrying capabilitied12]. This type of conductor has not been widely adopted due to its

mechanical limitations and manufacturing challenges.

Another method to increase current carrying capability that has been widpteddespecially

in automotive sector, is wsesolid rectangular bar conductors instead of wound circular wire.
This includes a technology known as hairpin windings which is discussed in more detail.
Machines equipped with solid bar conductor tend todesl in combination with rectangular

slots whose dimensions are tailored to accommodate a specific size and number of rectangular
conductors. The proportion of the slot which is occupied by copper is very high compared to a
more traditional winding with ecular conductors which yields benefits that can be taken as a

reduced loss for a given current or an increased current for a given loss. A higher proportion



of copper in the slot also improves heat transfer in the slot. The proportion of the slot which is
occupied by copper is usually quantified by means of@afied sloffill factor or coil packing

factor. It should be noted that when using high electrical loading, the permanent magnets
vulnerable tarreversibledemagnetisation, which means exteaecisalwaysrequired when

increase electrical loading.

For machines equipped with rectangular bar conductors, an open slot geometry is usually
preferred for easy insertion of pf@med coils. However, sertiosed slotsare an option
through either the se of hairpin coils or segmented stator teeth in which the tooth tips are
attached after the winding has been insef28jl An example opossible arrangemenf29]

for separate tooth tips is shown in the patent extrd@gurel.5. This approach can be adopted

for solid rectangular bar or rectangular cresstion Litz wire.

FIGS 108 107 107

10 1

101 101

‘ 104 1

101

Figure 1.5 Schematics of segmented stdtwth arrangement which allows the insertion of a-fmened coil into a semi
closed slot (sourcd29])

Whereas solid bar conductors offer a route to highfél@nd hence higher electric loading in

a machine, it is important to recognise that large esestion solid conductors are prone te so
called AC losses caused by induced eddy curri8a§ Indeed, inappropriately selected
combinations of conductor cressction and frequency can result in AC losses which are
multiples of the quasstatic conductor losses which more than outweighetketrical and
thermal benefits of the increased ditit By carefully selecting the applications which might
benefit from solid bar conductors and following good design practice to mitigate the AC loss,
solid bar conductors offer one route to increapeder density compared to conventional

random wound electrical machini@d].



1.2.3Increased operating speed

There is an accepted principle in electrical machine design, that the torque fixes the size of the
machine rather than the power. Hence, one meamspobving power density is to raise the
mechanical speed, since the output power is linearly proportional to speed, but size is not
greatly affected by speed in many applications. This is a simpaBsdmptiorsince higher

speed and hence a higher eleetrfrequency will increase the iron loss in the machginng

rising toloss densityin the coreand hence exacerbating the problems of removing heat.
addition, hcreasing the mechanical speed results in increasing centrifugal forces on the rotor
magnets. To retain the permanent magnet, a containment sleeve made of either metallic
material or carbon fibre is usually implemented to protect the magnet andlsjtok study

of the impact of speed on torque denf38] demonstrated that the need to increase mechanical
containment progressively decreases the torque density sufficiently that the power density can
start to fall with increasing speed. The other factor tmaitdi the maximum speed in many
applications is the need to match the speed required by the application without introducing the
mass, maintenance and failure modes of adding a gedtlstrould also be noted that as the
speed increases, the induced eddyent loss in magnet will also be problematic and hence

segmentation of permanent magnet is also requirbdjirspeedapplications.

1.3 Efficiency in aerospace electrical machines

For most of electrical machines currently used in aerospace applicationsasutiain
generators on a gdsrbine propulsion system, efficiency is not considered as important as
power density because the electrical machine only deals vt @f the shaft power. Hence

the tradeoff of a few percent of efficiency to save mass igally favourable in terms of aircraft

fuel consumption and range. However, this is not the case in bslledgttic or allelectric
propulsion system since the electrical system processes the full propulsive power and hence
there is 1:1 relationship betweelectrical machine efficiency and aircraft fuel consumption.
Hence, a welfounded electric propulsion machine design will require a better balance between

power density and efficiency than in many existing electrical machines.

These two aspects of pemfisance are often in conflict since efficiency can usually be improved

by running the machine less aggressively in terms of magnetic and electrical loadings, which
as noted previously is the opposite of what is needed to increase power density. However,
where these two performance factors align is the need to minimise losses since power density

is ultimately limited by the ability to remove the heat generated by losses. The sources of loss



in a machine include core loss, ohmic losses in the winding (oftermee to as copper loss)
and various less significant sources of loss such as eddy current loss in rotor magnets and

metallic sleeves, aerodynamic losses and bearing frictional drag.

1.4 Machine types for aerospace applications

There are many topologies déetrical machines which find applications across many industry
sectors. However, due to considerations of power density, efficiency and technology maturity,
only a subset of these have been used commercially in aerospace applications for power

conversiomapplications.

1.4.1Woundfield synchronous machines

Woundfield synchronous machines are the dominant incumbent technology for electrical
generators on civil aircraft and have also been adopted as the first commercial starter
generators on aircrafB3] [34]. The stators tend to be fitted with traditional 3 phase AC
windings. Voltage regulation in generator mode with respect to both speed and load is realised
by controlling the current in the field winding on the rotor, usually using a volttgdator

(AVR) which supplies DC current into the primary of a brushless exciter which in turns feeds
the field winding via a diode rectifier on the rotor. When used solely as a generator these
machines have the very significant advantage of being ctathdaectly to the threphase

network without the need for a power converter.

Woundfield machines can also be used to provide electrical starting capability, although this
requires significant reconfiguration of the machine connections to include e&x powerter
which act as a soalled motofrcontrolunit. As an example, the Boeing 787 is equipped with a
startergenerator which has a starting power capability of ~60kwW when driven from a-motor
controtunit and a generator capability of 250kVA when dikg connected to the aircraft
network[35]. Amongst several drawbacks of this machine type an@dest power density

e.g. the statef-art 250kVA generators on the Boeing 787 achieve ~2.5kV/3Byand the

challenge of managing tliemperature of the rotating rectifier diodes.

1.4.2Induction machines

Induction machine has been the dominant machine technology in industrial applications for
many decades because of their low cost and high reliability. The main components in an
induction mache are a conventional-@hase stator and shanitcuited three phase rotor

winding. However, since induction machines are subject high levels oflossmsthey tend



to have lower efficiencies than PM and wotfiedd synchronous machines. In additiesmce
removing losses from the rotor is problematic, the torque density/power density of induction
machine is generally lower compared to PM machine counterparts. Induction machines are
used in aerospace applications for a variety of ancillary systemassaall actuators, pumps,
power drive units, cargo feeders, seat actuators and environmental cooling. In many of the less
demanding applications they can be used directly off the AC network with no speed to torque
control. A detailed design study basedem aerospace actuator specificaf@f] demonstrated

that an induction machine was not competitive with a PM machine and this fits with the general
consensus that PM machines have superidofmeance compared to induction machines when

compared on a likéor-like basis.

1.4.3Reluctance machines

There are two major categories of reluctance machines, viz. switched reluctance and
synchronous reluctance machines. The working principles of both typkicfance machines

are quite similar, as they both rely on tendency of soft magnetic material to align with magnetic
field generated by stator winding (reluctance force). A switched reluctance machine is a doubly
salient machine with concentrated windingssimple cruciform rotor structure and a highly
salient stator coreSynchronous reluctance machines tend to havesab@nt stator with
distributed windings and resemble the stator of induction machines and synchronous machines.
There is no more consints on winding configuration and the rotor structure is more
complicated than that of switched reluctance machine. Flux barriers which are made of non
magnetic materials are used to block flux path of certain angle and maximize the flux in d
(direct) axs. Although reluctance machines have simple rotor structure and potential high fault
tolerant capability, they only achieve modest power density and efficiency and have very poor
power factor which in turn results in large converter ratings. The useucfaste machine in

aerospace sector is only seen in eatlst2entury[38][39].

A high-speed 45kW switched reluctance machine for an aerospace -g&arézator was
designed, simulated and tested40]. This demonstrated competitive power density (quoted

at 9.8 KW/L which corresponds to ~ 1.5 kW/kg or so) and a system efficiency of 82%. Several
design studies have been published in which the performance of switched reluctance and PM
machines have been compared in aerospace applications. As an example, a Btifly in
demonstrated that a PM was far superior in terms power density for a demanding actuation

application.
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1.4.4Permanent magnet machines

Brushless permanent magnet machines are known for their high-gensty and high
efficiency, and hus have become the preferred technology for-pmgtiormance electrical
machines across many sectors. The development of PM machines has built on the emergence
of rareearth magnets in 1970s (SmCo) and 1980s (NdFeB). These materials led to a step
change m the performance of PM machines. However, in the intervening years, material
improvements have been more incremental with only modest improvements in the magnetic
properties of PM material§42], albeit that there have been marked improvements in
temperature stability and corrosion resistance. There have been many studies published on PM
machine design for aerospace applications including actyd8drstartergenerator§44][45]

and propulsiorj46].
1.4.5Summary of machine topologies

Figurel.6 shows a comparison of the key characteristics propogéd]inThis kind of ranking

is subjective and very general, but it is useful in identifying the main strengths and weaknesses
on different technologies. This published evaluation indicates that vé&Muwachines tend

to be favoured over induction and switched reluctance machines. This conclusion is consistent
with most published design studies, although it is important to recognise that this evaluation is
focussed on the machine performance and nth@mider system where factors such as fault

modes, converter rating, repairability etc.

Rating:"
SERIEED L IM SRM  PMMTooth, PMMTooth, PMM Toothless, PMM Toothless,
Two-Pole Multipole Two-Pole Multipole
KC 1 Rotor losses 6 6 10 10 10 10
KC 2 Stator losses 8 9 10 8 9
KC 3 Windage losses 5 1 9 9 10 10
KC 4 Rotor thermal limitations 8 10 4 4 4 4
KC 5 Cooling options 5 = 9 9 10 10
[BE  CESEN S 5 7 9 9 10 10
limitations.
KC7 Torque-to-inertia ratio 5 7 9 9 10 10
KC 8 Torque pulsation 9 6 (5] 10 10
KC 9 gg;:f_lz;t;bility path 5 5 9 9 10 10
KC 10  High-speed capability 5 7 9 9 10 10
KC 11  Shortcircuit behavior 10 10 4 4 3 3
KC 12  Machine complexity 7 10 9 9 8 8
KC 13  Current density 7 7 10 10 8 8
KC 14  Power density 7 8 10 10 8 8
Total 92 92 116 117 119 120

*Descriptions of the KC numbers are provided in the section “Electric Machine Key Characteristics™
1 10=best, and 1=warst.
The rotor thermal limitation for PMM is typically 200 °C.

Figure 1.6 Evaluation of key characteristics of different machine technologies for aerospace appli¢stioms[47])
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The long development cycles of aircraft means that commercial deployment for a new
technology such as PM machines can take many years and so even though PM machines are
well recognised for having the best performance amongst competing machines\attkeit

share is still low in aircraft with traditional woutiigéld synchronous machines still being
favoured as generators with some limited electrical start capability. This is likely to change

when electric propulsion starts to enter the market in smailicraft.

1.5Rectangular crossection bar conductors

As noted previously in this chapter, increasing the windingflag a key factor in improving

torque and hence power density and/or efficiency of machines. There are several alternative
conductor gometries, types and winding methods that can be considered in the design of an

electrical machine. A summary of the main tymeshown inTablel.1.

Tablel.1 Comparisons between rectangular, circular and Litz conductors

Rectangula Circular c Litz Wire
conduct evro u(n (random w( parall el ed s
wi nding) wi nding) wire)
Conduc Rectangul Circulan Overall cond
shape rectangul ar
with circul
strands
Packi 0 .-06. 8 0.8555 0 .-06. 6
factg
Numberl Usually beltoy Often 10s Usually betw
turns or so within a 0s
Sl ot s Rectangull TrapezoidallBest suited {
cresesction
di storted {
rectangul
Sl ot o] Open sl ot f Open oal s open sl ot b
shape but -sleans ed
possi balier pfi
segmented s
Therm Excell en Poor Poor but mar
perfor than random

As will be apparent fronTable1.1, based on these tdpvel characteristics, rectangular bar
type conductorsvould appear to offer the best combination of performance, although as will
be discussed isection 2.3.Df this clapter, AC losses can become a major issue for solid bar
conductorsA single slot model equipped with 10 turns of bar conductors is shownHine

1.7 below. Theserectangularbar conductors usually haveomeform of corner radius to

manage electric streasdensure robust coating.
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Impregnation

Bar conductor

Fill factor about 72%

Figure 1.7 Crosssection through the slot of a Mitsubishi Generation 8 tractiachine (Source: Mitsubishi Electric)

As is shown in th&able 1.1, theheat dissipation capabilitgf bar conductors is better than
that of Litz wireor round conductorTo demonstrate thadvantagesn terms of thermal
performancesssociated with bar condtor, twosimplified single slot model equipped with

bar conductor and Litz wire with predefined single direction of heat flux is proposédldee
1.2 below:

Table 1.2 Two identical single slot thermal model equipped with bar conductor and Litz wire

Single slot model equi pped wi th

Line region with
convection coefficient
and inlet temperature

Direction of heat flux

Adiabatic boundary condition e

Single sl ot moldietl z ewiuri ped wi {
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Line region with
convection coefficient
and inlet temperature

Direction of heat flux

Adiabatic boundary condition —

Zoomerd view of bar q Zoomerd view of Litz

Note that the pink region represents the insulation, and the green region stangssignation.
While for the blue region, it is the slot liner regidine simulations were performance under
steady state thermal context and the deddhermal material properties are provided in the

Tablel1.3 below:
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Table1.3 Thermal conductivities of different material and convection coefficient of water jacket used in simplified thermal

model
Ther mal comdludif vereConvection towe dswantgeire
k (W m/ AC) j ac k1e0t0)0: % WX Gn
Air: 0.025 Fl uiind et tempARCature
Stator core (hipercob
Copper: 394 Conductor size:
| mpregnation: 0.2 Bar: 869&mmm
Il nsulation: 0.21 Litz wire: strand 5di ag
Sl ot liner: 0.21 I nsul ation thickness:

Notethat the values of thermal conductiggof various materials are frofd8], while for the
machines implemented with indirect forced liquid cooling with a current density betw2ien 7
A/mm?, the convection coefficient spans a wide range from 100 to M@®E/°C [49] and in

this case, the convection coefficient is defined t&@@0W/m?/°C.

These two identical single slot models are simulated under the principle of sanadl thss,

i.e., the total loss in single turn of bar conductor is defined to be 10W and the equivalent loss
per strand in Litz wire bundle is thd®W/54 strand= 0.19W.While for the losses in stator

core, they are defined to be 10W in both modétgethatthisamplitude of loss iffrom simple
assumption and these values will only be wed reference to demonstrate the heat dissipation
capability of different types of conductofithe temperature plot of those two models at steady

state are provideith the Figure 1.8 below:
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ISOVAL 1
429.309
424,463
419. 617
414.771
409.925
405.0739
400.233
395,387
390.540
385. 694
380.848
376.002
371,156
366.310
361.464
356. 618
351,772
346.926

Temperature / Temperature in K

Figure 1.8 Temperaturgredictionof simplified single slot model equipped with bar conductor and Litz wire

Note that for this simgdiied thermal simulation, the heat dissipation along axial length is
neglectedAs can be seen fromemperature plot ifrigure 1.8 under the constrairgf same

overal loss, theaemperature in a bar conductor model will be lower than that of Litz wire model
This isbecause for the large section bar conductors, the heat is easier to be dissipated along
conductor width, height and axial direction. The findings from gimeplified FEA model
confirms that the bar conductor outperforms Litz wire/round conductor in terms of heat

dissipationcapability.

Above investigations give some general understaisdabgut the potential advantages and
drawbacks of bar conductdihile for themanufacturing processes of bar condugcttrsre
are 3 main types that can produce rectangular semitsand these are discussed in the next

sections.
1.5.1Hairpin windings

The use of sa@alled hairpin windings have attracted increasing isteretraction machines

for electric and hybrigklectric vehicleg50]. A typical manufacturingteps in manufacturing

a hairpin winding[50] are shown in thé&igure 1.9 and Figure 1.10. In the first stage short
lengths of a bar conductor is preformed into a harpin shape with an open end and then inserted
into the slot. After the insertion of hairpin winding, two ends of one single coil are bent
outwards by a prescribed degree and then the successive hairpin ends (which have already had
the insulation removed) are joined bysitu welding to form a complete watgpe winding.
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Figure 1.9 Manufacturing and insertion processes of hairpin 8]

/, .

Straightening

Shaping

[ l
LITEETICT D
1 l
nmnm

Stator core

Hairpin coil
with square wire  Wave winding

Bend and weld

Figure 1.10 Manufacturing and insertion process of hairpin winding with full machine {Bév

As can be seen frofaigure 1.9 andFigure 1.10, one clear drawback for machines equipped
with hairpin winding is many ksitu welds are required and moreover these exposed welds
must be irsitu with an insulating coating such as a varni$his is complex set of operation,

although equipment is now routinely used to automate this entire process. Another
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disadvantage is the potential for damage to the insulation of hairpins which are already in the
slot as a new hairpin is pushed along k. This is particular concern in hairpin windings

that involve manual insertion. The main advantages of hairpin wirah@the ability to
significantly increase the slot packing factor while maintaining ss#osied slots. It also tends

to produce aompact andvell-definedendwinding.

1.5.2Formwound diamond coils

Another more established format for coils with solid rectangular conductorsea#tesbform

wound concentrated, lap or diamond coils which are manufactured through a combination of
various forming, stretching and pressing processes to produce vesemeitigeometrief$1]

[52] [53]. A typical form of a diamond coil is shown Figurel.11 along with a series of coils
inserted into a stator core in a douldgered thregohase lap winding. This type of caeilas

initially developed and used for large MW electrical machines operating at very high voltage,
where it remains a key winding technology. Coils with overall lengths of several meters are

routinely manufactured for large machines using‘deiteloped cibforming machinery.

Figure 1.11 Typical form a stripivound diamond coil

The wellestablished manufacturing route for the type of coil showigare 1.12 involves

winding number of required turns onto a simple bobbin to form a simple loose looped coil.
This is then placed on a capreader such as the example showRigure 1.12. The coils
spreader then performs a series of precision bending operations to produce the near final shaped
coil. In this process, the two straight sections are first spreag fawa each other through a
defined angle and then the ewthding regions are lifted and twisted to form a specified angle

and form. The formed coil is then lapound with a resifrich fibre-glass tape and placed in a
heated colil press such as the exansplewn inFigure1.13 to accurately set the final shape

and cure the resin. This produces a rigid and precise coil assembly with the correct
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circumferential span, appropriate alignment of the coil sides to match the slots andtilma end
which i s often ecall Thiediamdnd oeil canrthersbe idserted diréctly into

open slots in the stator core with little orgitu manual adjustment.

Figure 1.13 Heated coHpress (Source: Rotary Engineering Ltd)

Although developed for large machinegith the adoption of automation and more precise
machinery, diamond coils of much reduced size (lengths in the low hundreds of mm) may offer
a good solution for medium sizéagh-performancanachines in terms of form wound coils

with rectangular bar comdtors. An study reported [51] evolved the traditional process of
manufacturing single diaomd coils into a more elaborate mskdt coil set as shown Figure

1.14. This was developed in the context of small machines, in this specific case for machines

with an active length d89mm.
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Base coils Insulation Diamond coils Core Slots
paper AN\
(1) Winding (2) Adding (3) Forming coils into (4) Coil assembly
base coils insulator diamond shape on a stator

Figure 1.14 Manufactiring and insertion process of diamond coil 4étH

Compared to hairpin coils, pfermed damond coils are particularly weduited to the
demands of aerospace sector high reliability and certification. A major benefit of diamond coils
is that the number of welding points is greatly reduced compared to that of hairpin winding,
particular usinghte approach ifb1]. This is a desirable feature in terms of confidence in the
long-term relidility of the winding. Inaddition, unlike conventional wound machines or
hairpin stators, diamond coils are fullyrmed, and secondary insulation is applied before
insertion into the stator and hence can be fully inspected and tested before insentiom wit

visibility of all surfaces.

Diamond coils can achieve comparable -endding lengthscomparedto hairpin coil and

indeed the absence tfrn-to-turn welds is likely to make them slightly more compact. The
start and end coil sides of one diamond coil are usually in different reference positions in the
slot compared to a hairpin winding. For example, for the case of a diamond coil spanning 6
slots withthe starting coil side located near slot opening in slot 1 then the corresponding end
coil side will be located at the back of slot 7, as is illustratdéigare 1.15. The change of
relative position inside ddlot is achieved by twisting the coil at the position of half coil pitch

in endwinding region, a feature that is often called the nose of the coil. With all the coils
twisted by a predefinedngth and angle, the emwdindings region will be very compact.
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Figure 1.15 A diagram illustrating the starting coil side and ending coil side of diamond coil

As noted previouslypne limiting factor & hairpin coils is the number of turns that can be
accommodai in to one slot due to the access required fesitm welding. In hairpin the
number of turns is usually 4 although small increases up to 6 may be possible. On the other
hand,while for diamond coil, there is essentially no hard limit on number of turns or indeed
parallel strips that can be deployed. This feature gives more freedom in the design of the
winding, including the possibility of using large number of thin stripgdice high frequency

AC loss.

1.5.3Strip on edge racetrack coils

For concentrated coils which have compact andawarlapping endvindings, it is possible
towind a continuous racetrack type coils such as the example sh&igune1.16. This type
of coil can be used for some types of PM machines with concentratedtsiotieoils but are

not directly applicable to distributed windings.
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Figure 1.16 Typical stripon-edge wound concentrated coil (Source: KUK Group)

1.6 AC losses in rectangular bar windings

Despite the welrecognized potential advantages of rectangular conductors in terms of
increased slot fill and hence lower DC resistance and enhanced heat transfer within the slot,
their adoption is often hindered by concerns ovecated AC winding losss [30]. It is

entirely possible for AC losses to significantly outweigh the benefits of solid bar conductors
unless appropriate measures can be taken to manage their magnitude. Indedtdgalesign

based on static considerations only generate unsustainable losses when the machine is
eventually put on test due to the neglect or underestimation of the AC losses. A key focus of
the research reported in this thesis is to assess in teallC loss performancef bar
conductor while at the same time evaluate the potential methods to reduce AC losses. A series

of studies concerned AC loss minimization processes are reported in chapters 2 and 3.

As mentionedreviously,one major threat of gh-speed electrical machines is its high level

of AC losses. To manage frequency sensitive AC losses, a well adopted solution in high speed
application (both automotive and aerospace application) is to use LitglB&jfe5]. Litz wire
consists of many turns of thin strands that are properly transposed. Each strand in Litz wire is
insulated separately and the profile of Litz wire bundle can be modified to round or rectangular
shape. By having transposed and individualbsulated thin strands, level of AC losses is very

low but near elimination of AC losses comes with much higher cost than that of normal
conductors. Another drawback for Litz wire is its inferior thermal performances but this can be

compensated by usirigrge number of turns and small current to achieve specified NI.

Alternatively, bar conductor is widely adopted in hyggrformance electrical machines (or in

other words, high efficiency machines) because it has high packing factor and better thermal
performances although the level of AC losses associated with bar conductor can be problematic.
If the magnitude of AC loss inside of bar conductor can be reduced to a range near DC loss
value, the bar conductor can still be regarded as an efficient methogbriove efficiency.

Based on the previous investigations about how to increase power density and efficiency, a
conclusion can be made is that the focus of high performance design is now on the windings.
A good design with high power density and high efiicig tends to equip windings that can

both withstand high current and with lower losses. Based on this principle, two relatively
mature conductor type (bar conductor and Litz wire) will be selected as candidate material for

the following evaluation of thénesis.
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1.7 Design specification for the research in this thesis

The application context for the research reported in this thesis is a PM machine for hybrid
propulsion system for a smaize 9seater aeroplane. Based on outline specifications provided
by NASA [11], the total propulsive power required is around -380kW. To meet the
demanding requirement of aerospace applications, the final design should have high power
density, low weightind high efficiency. Since the total propulsive power can be realised with

a combination of two or more electrical machines, the rated power of single machine selected
for this study was 350kW. Since this type and rating of machine is used to direedyadri
propeller, then the speed required is limited to 6000rpm which is much lower than the
20,000rpm and above speeds whigvebeen reported in previous PM machine studies for
aerospacealhile for the DC bus voltage, it is defined to be 580V which ietbas thevoltage

specification of existing electrical machines used in aerospace sector.

1.8 Thesis structure

The thesis is structured into the following chapters:

Chapter 1 reviews the demands on and development of electrical machines for aerospace
applicatons and reviews key literature on high power density machines and winding types. It
concludes by setting out a tevel performance specification for a machine, the design and

analysis of which forms the application context for the research in this.thesi

Chapter 2is concerned with the detailed design and preliminary modelling of a machine which
is in principle capable of meeting the performance specification. The machine is equipped with
large section, solid bar conductors. It concludes by demonsgtthti as originally designed,

the AC loss caused by eddy current are unsustainable.

Chapter 3 provides an irdepth study in the origins of the AC loss issues in this machine and
proposes and analyses a number of mitigations to reduce the loss to mankaye#ltaking
the design from having losses that are almost an order of magnitude too high down to a

competitive deign.

Chapter 4 explores the modelling of finely stranded Litz wire and evaluatgeeifermance

in the machine design.

Chapter 5 presentssome experimental results on a motorette to validate some of the key

finding of the research.
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Chapter 6 provides a summary of the progression of the design through the thesis, offers some

conclusions on the main findings and identifies areas for futurk. wo

1.9 Contributions to knowledge and publications
The key novelties of this thesis are around winding design and can be divided into several

aspects:

A The detailed evaluation of solid bar conductors and corresponding AC loss mitigation
processes.

A Comprehensive comparisons between different types of conductors (i.e., aluminium bar
conductor and Litz wire). Then some novel aluminium substitution strategies are
proposed, which is to substitute the copper partially or fully with aluminium.

A Detailed moelling of Litz wire in FEA software and corresponding comparison

between Litz and soli bar conductors.
Published papers:

[ 1] S. Yangyu and G. W. Jewel |, AANn 1T nvesti
conductor geometry on AC winding losses iB&bkW permanent magnet machine equipped
with rectangul I&ET Cobferance Proceatiings,tval. 2622, ao. 4, pjp532

2022, doi: 10.1049/icp.2022.1072.

[2] Y. Sun, X. Chen, W. Zhu and G. W. Jewell, "An Investigation of Substituting Copper with
Aluminium Conductors in a High Power, Medium Speed SPM Mach2i23 IEEE
Transportation Electrification Conference and Expo, AB&ific (ITEC AsiaPacific), Chiang

Mai, Thailand, 2023, pp.-&, doi: 10.1109/ITECAsiPacific59272.2023.10372259.

24



Chapter 2A design strategy for achieving high power density in
electrical machine

2.1 Initial sizingof a machine design

2.1.1Introduction to machine sizing

A general process for machine designing usually involves two stages. In the first stage, the
priority is to decide constituent materials and the type of machine. There are alwaydfgade
when selecting materialsince improved material performance is associated with increased
cost. For example, the cost of highrformance 49% Cobailton for the stator and rotor core

is ~100 times higher than that of normal silicon iron electrical steel but only gives
improvements in performance of-PB%|[54]. As a consequence, Cobatin tends to only be

used in aerospace or motor sport applications where cost can be justified in terms of the increase

in power density.

In aerospace applications, theemium on weight saving is very high since reducing aircraft
weight has a significant impact on the fuel use and cost over the long lifetime of the.aircraft
The lifetime saving of fuel per kg of reduced aircraft weight depends on the aircraft type and
flight patten while the lifetime cost saving per kg depends on trends in the price of fuel.
However, the significant savings that can be made have a major impact on the material selection
since even verpigh-costmaterials such as 49% cobatin cores can be cosffective even

though they are prohibitively expensive for automotive and industrial applications. There is
cost pressure on aircraft manufacturers from the airline industry and so there is always a need
to justify the performance benefits frdmgh-costmaterials. The starting point for this design

was a stator with a commercial grade of 49% Ceibait (Carpenter Hiperco50) a silicon iron

rotor core (Surahammar NO20) and Boyy Samarium Cobalt permanemagnets.

Following the initial selection of materials, which can be revisited when a reference design has
been established, the next step is to establish the leading dimensions of the machine from the
performance specifications. The main elements op#r®rmance specifications are usually

rated power and rated speed and in some cases weight limits. However, it iestatdibhed
principle that electrical machines are sized on the basis of torque rather than power. Although
the torque rating is suéfient to make a first estimate of the main dimensions, detailed features

including the number of poles and slots, the geometry of individual stator slots, magnetic pole
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arc and thickness, stator tooth width, back iron thickness and other parameteysrequak

more detailed tradeffs and machine specific design equations.

A common approach to electrical machines design is to establish a first estimate of the rotor
size from highlevel analytical expressions for the torque rating, and then use anaiiobiof

design equations and judgement to establish a first set of detailed dimensions and features. This
initial design can then be analysed using eithgreaeralpurposefinite element analysis
package to calculate the torque produced or a maspdic analysis package such as
MOTORCAD. This particular package provides a tool for rapidly and accurately analysing
different combinations of machine and is reliant on the user having a good level of
understanding of electrical machines in order to nyotthié input parameters appropriately in
response to the predicted performance. It is to be expectetlitivajtheprocess of analytical
prediction, misalignment between existing initial model and target model is expected because

the analytical predictimis achieved with assumptions.

2.1.2Sizing methodology

Given the rated operating speed and power, the resulting torque required can be determined

using:
0 Y ] (2.2)

Based on a simplified version dofe Lorenz force, a weknown equation for the first

estimation of the rotor size to achieve a given torque rating is:

Y %'o 060 (2.2)
As can be seen froif2.2), torque is proportional to the square of the rotor diameter, its axial
length, the airgap magnetic loading and the stator electrical loadingitiate the sizing
process, it is common to assume that B and Q can be set as fixed constant. With adoption of

this assumption, there are two remaining param@ersin torque equation, which means the

rotor volume ) is directly proportional to the output torque. The process of selecting
values for B and Q wilbediscussed later in this chapter.

Even with simplifying assumption thatis a constant, the expression for torque only gives a
value for rotor volume rather than any particular combinatidd ofand0. Indeed, in principle,

any combination 00 and0 could be adopted. A useful starting point is to select an aspect

ratio of length to diameter to link these two quantities. To initiate the design synthesis, an aspect
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of 1.0 was adopted. This provides a reasonable compromise between the ratiavivfdemgl
volume to active region winding volume and the natural tendiEm¢orque density to improve

torque density.

By substitutingO 0 into equation(2.2) to correspond to an aspect ratio of 1.0 and
rearranging the equation ierms of stator inner bore diameter yields
oy

0 — (23)
ovu

As can be seen o (2.3), to calculate rotor outer diameter, the torque, magnetic loading and
electric loading are required. Torque can be calculated straightforwardly from rated power and
rated speed. Magnetic loadi, which is given by the average airgap flux density falls within a
relatively narrow range of values determined by the remanence of the material. As noted in
chapter 1, SaCoi7 magnets tend to be preferred over NdFeB for aerospace applications
because afhe superior high temperature properties, their much better corrosion resistance and
their longterm stability. Grades of Sifo17suitable for use in electrical machines tend to have
remanences in the range of -IL@T depending on the exact compositiord aoperating
temperature. In mogtigh-performancemachines, the magnetic loading is typically-0.8T
depending on the grade and the pole arc of the magnet. Adopting a conservative starting value
of 0.7T and noting that this is an average in the airgapret necessarily the flux density
above the centre of the magnet polée last remaining parameter to select in order to size the

rotor is the electrical loading, denoted by Q, which is defined as the Armpaseper unit of
airgap periphery and givedy:

. BO 0 Qo0 04
Y u’O ulo ()

As can be seen from equati¢®.4) above, the electric loading is dependent on several

parameters and has some diameter related scaling. Whereas the range of current densities in
electrical machines is limited to a reasonablgrrow range,e.g., 5SA/mn? for natural
convection cooled machines to-26A/mn? for direct oil cooled machines, the range of
electric loadings encountered in electrical machines can span a factor of 10 or more depending
on the cooling strategy and size. &sexampleTable2.1 shows a number of electric loading
values which have been calculated from published machine performance and dimensional data
along with a sing@ case in which the electric loading was provided directly. As shown, there

is a very large range of values in published literature with little or no consensus on

representative values.
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Table2.1 electric lcading valuesbtained from literatures

Power Spee( El ect Tor qu Rot olAxi al B (T
ratig (RPM) | oadi ( Nm) di ame ( mm)
(kA/nN ( mm)
250k w2 5000 50 477 191 31 0.7
113k wv 6000 27 193 253 100 0.7
1MW16 20,00 914 477 1914 162 0.7
1MW55 18, 00 214 531 328 223 0.7
1MW15 20,00 914 477 191 148 0.7
300kwW3 13, 30 55 215 215 75 0.7
(provi

As can be seen from the tables above, electric loading values either directly provided or
calculated spans a large range from 20kA/m@kA/m depending on different power ratings
and cooling strategies. Before selection of electrical loading valuesathdie used for sizing

eqguations, there are several things to note:

A All the references ifable2.1 are from aerospace related applications.

A For thethreehigh-speedMW machines provided ifable2.1, the high output power
is achieved at high operating speed and adoption of Litz wire. The operating frequency
of these machine wilhe >1kHz and will not be representative of machines for solid bar
conductors which are the focus of the research in this thesis.

A While for remaining machines that have similar output capability (several hundred of
kW rated power) and similar speed as baseline model, the electrical loading values are

more useful for determining initial size of baseline model.

Based on the principleset previously and the remaining electric loading values in the tables,
a reasonable starting electrical loading value for initial design was deemed to be 50kA/m.
However, to explore the potential for achieving high power demgtty aggressive cooling

and noting the higher packing factor of haindings, four values of electric loading from
50kA/m to 200kA/m were considered with 50kA/m increments.

Having set a single value of magnetic loading, four different levels of electric loading, torque,
and recalhg the assumption of a unity aspect ratio in whiith 0, then rotor outer diameter
can be calculated usin@.4). Table 2.2 shows the resulting four rotor diameter and axial

lengths for the four selected electric loading levels.

Table2.2 Calculated rotor outer diameter and axial length for different Q values
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Q loading B I oadin Dr { mm) L ( mm)
50 0.7 216 216
100 0.7 172 172
150 0.7 150 150
200 0.7 136 136

Whereas the sizing equations up to this point have praseflll in producing a first estimate

of the rotor leading dimension, it is now necessary to start defining the number of slots and
number of poles in order to start dimensioning the stator. One factor that has a significant
influence on pole numbeselecton was the intention to use solid bar and the likelihood that

AC losses would be an important factor. A@e machine was initially identified as potentially
offering a good balance between the tendency of PM machine to use higher pole numbers than
6 for reducing stator core mass while retaining a relatively low electrical frequency which
nevertheless was likely to generate AC loss behaviour of interest. The choice of pole number
is discussed in greater detail in sec2oB.2 A standard 36lot 6-pole gator with a distributed

winding was selected as the starting point for the analysis.

The performance specification and the selected materials which were used as the basis for the
more detailed design of the machine are summaris@ahie 2.3. As will be apparent, this
includes a target weight of 50kg which would give a power density of 7kW/kg.

Table2.3 Specificationgnd selected materials for baseline model

Machine specification Material selected
Rated power: 350kWwW Stator matieroinal(:Hi (oelrag
Rated speed: 6000RPM |Rotor material: NO20
DC bus voltage: 580V |Winding material: Cop
Target weight: 50kg Permanent 0MagRed¢ o m& m3
Number of slots: 36 Rot or containment sl e
Number of poles: 6

Winding pattern: doub

Having set the slot/pole combination (noting that thils be revisited insection 2.3.2 the
next step was to determine the detailed machine design in terms of the numerous dimensions

and features which fully define the geometry and arrangement of the machines. The key
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machine design parameters together watation are shown imable2.4 with several defined

in Figure2.1.

Table2.4 Parameters and notations used for sizing equations.
Par ameters Not ati on uni ts
stator outer di (0] mm
Stator inner b O mm
di ameter):
Magnet thickne:; a mm
Airgap | ength: a mm
Number of sl ot g 0 -
Packing factor | o) -
Current densit) J A/ ntm
Sl ot width ® mm
Sl ot depth Q mm
Back iron thicl Q mm
Flux density at 0 T
Fl ux demoitthy bat 6 T
Sl ot-sercas ®nal 0 mn?
Tooth tip heigl Q mm

Doye/2

Figure 2.1 Parameters and notations used for sizing equations.
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Unlike traditional electrical machines whidlsually have parallel stator teeth and trapezoidal

or bulbous slot shapes, the baseline model used in this thesis (stfeigure2.1) is designed

to have rectangutaslots to accommodate rectangular bar conductors. This type of topology is
also referred to as parallel slot stator and has attracted much attention for automotive
applications with matched hairpin or diamond coils. It does result in a tapering toothevith
critical region in terms of saturation being towards the front of the tooth.

Another aspect to note about stator geometry is the stator tooth tip geometry around the slot
opening region. There are two types of tooth tip geometries that are usedtisedukly open
slots and semtlosed slots. The differences between an open slot and ecksed slotare

shown in the zoometh views ofFigure2.2 andFigure2.3.

Figure 2.2 Parallel slot geometry with a fully open slot

Figure 2.3 Parallel slot geometry with seralosed slot
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Rectangular slots with an open slot geometry are almost always used for rectangular bar
conductors to allow insertion of a pif@med winding. However, there are three potential
drawbacks assodid with pure open slot geometry. One is that the thickness of tooth tip near
airgap can become a flux pinch point. This narrow tooth tip is very likely to become
magnetically saturated particularly in machines with high electric loading. The second
drawbak of a pure open slot is that the PM fringing flux will tend to enter the slot and link the
conductors near slot opening hence generating additional eddy current loss in the coil. The
third drawback is that an open slot stator gathers less rotor magnétdn its semclosed

counterpart and hence has a lower torque constant.

Semiclosed slots address many of the electromagnetic drawbacks of open slots and tends to
be the preferred arrangement for coils wound from many narrow strands of wire. Tivacoils

be wound either ksitu with a winding needle passing through the slot opening between teeth
or preformed as a loose coil and fed in via the slot opening. However, stator tooth tips which
form part of a single piece lamination would preclude the ilsedf preforms coils based on
rectangular conductorsChis limitation can be overcome using modular stators in which
separate tooth tips modules are fitted to captive features such as a dovetail on the main tooth
body which itself is part of the mastator core lamination as showrHigure2.4. As is evident,

this particular variant of soalled modular stators introduces significant complexity to the core
assenbly and requires the highest levels of precision in the manufacture of the core modules

Figure 2.4 Detailed explanation for manufacturing process of segmented stator witickes®d slot
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The stator irFigure 2.4, with semiclosed slot can be manufactured by placing the coils open
slots and then sliding on the tooth tip stack from one end of the stator. Similar processes are
introduced in56] and can be used as reference when it comes to final stage of manmugacturi

For the initial design stage, the settosed stator tooth will be used as baseline and the impact

of stator tooth width and substantially the impact of magnetic wedge will be studied in the

future.

With all the required parameters and topologies eefiproperly, next step is to estimate two

rotor related parameters: magnet thickness and airgap length. The relationship between the
magnet length, the airgap length and the resulting airgap flux density can be established using
the simplified magnetic aiuit of Figure2.5 and a simple ordimensional model of flux based

on the concept of a magnetic circf#b]. It consists of an infinitely permeable iroare with

a permanent magnet magnetised in the direction shown with a length in the direction of

magnetisation oft and crosssectional area . This produces flux in an airgap of length

and crosssectional area . A coil of O series turnsarryinga currentf@s wound onto the core.

o —
A
lg g
- -)
% .
-_«——p
e
W

Permanent
magnet

Figure 2.5 Simplified magnet circuit used for estimation of airgap and magnet length

Applying Amperebs | aw t hat t h dotalcorterd gnclasdd o f
by that path yields:

0 a "Oa Oa 00 (2.5)
Since the iron core is infinitely permeafil® mand hencé2.5) becomes
'0a O a 0 O (2.6)

Under opercircuit conditions with NI =0 the equation further simplifies to
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Oa

0 - (2.7)
Applying GaussoO | aRguré2dbgMesagnet i c circuit in
60 060 (2.8)

For the linear region of the magnet demagnetisation characteristic, the flux density in the
magnet is givety:
0 Y0 06 (2.9

By combining equation(2.7) (2.8) (2.9) under open circuit condition and with some

rearrangement, the airgap flux density can be calculated using:

5a 6 . & 219D

When the crossectional area of magnet is equal to that of the aiigap) =0 , equation

(2.10) becomes

a 211}

This wellestablished equation provides a reasonable estimation of the airgap flux density for
a given combination of magnet and airgap lendtlote that this equatiois based on a
simplified onedimensionahnalysis whicmeglects fringing and airgap leakage fliEguation

(2.11) can be used to plot the ratio of the airgap flux density to the material remanence as a

function of the ratio of the magnet length to airgap length.

1 . .

0.8 7

0.6 1 7

Bg/Br

0.4 r 7

0 5 10 15 20
lm/lg

Figure 2.6 By/Br versusy, /Ggcurve
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As will be apparent, there is a diminishing return in airgap flux density with increasing magnet
thickness. It is common in cost sensitive applications to find a balance of performance and cost
around a ratio of 4. However, if the main objectivé the design is power density and magnet

cost is a secondary consideration then there is some merit in increasing the ratio beyond 6 up
to 10 or so, beyond which the rate of increase on airgap flux density is so small. It should be
noted that when curvateiris taken into accoufi57] there is an optimum thickness beyond
which the aigap flux density starts to reduce. Furthermore, in machines where the combination
of rotor diameter and rotational speed expose the magnets to large centrifugal forces, the extra
containment sleeve thickness (and hence larger effective magnetic airgapedeto
accommodate thicker magnets can also result in an optimal magnet thickness beyond which

the airgap flux density drops.

In order to provide a practical mechanical clearance and sufficient space to accommodate a
thin carborfibre sleeve, a total agnetic airgap of 2mm was selected as a starting point. The
exact thickness of the sleeve required will depend on the magnet thickness selected, but
allowing up to 1mm for a sleeve is a good starting point for this relatively small diameter rotor
operatingat 6000rpm. As will be shown later in sectioB.2, a 1mm sleeve does indeed prove
adequate. A total effective magnetic airgap of 2mm would give a magnet thickness of ~10mm
if the usual trad®ff points ofa /& =5 from Figure 2.6 was adopted. This was taken as a
starting point for the design optimisation, but as shown later in sectofy a.systematic
evaluation of the torque benefitsinEreasing magnet thickness was performed to establish the

merits of further increases in magnet thickness beyond 10mm.

\\

\
Tooth tip width "
]

/

Tooth tip height h,;

Figure 2.7 Schematic explaining tooth tip width, slot pitch and tooth body
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The dimenm®ning of the stator tooth for the case of a selnsed slot is based on ensuring that

the flux gathered at the airgap does not magnetically saturate the main body of the stator tooth.
The selection of the tooth tip width involves a compromise betweemraap airgap flux,
reducing leakage flux from the magnet and the coil through the slot opening. In some cases
where there is also a need to ensure a sufficienbpleriing to allow irsitu winding. A typical

tooth pitch to slot pitch ratiq,, at theairgapis 0.77 0.8 for permanent magnet machifgg]

and for this initial sizing a value of 0.75 was adopted. The flux density in the tooth tip at the

airgap per unit axial length is given by:

I 21p

As noted previously, the pingboint in terms of saturation of the tooth body is the region at

the transition from the tooth body to the tooth tip. The flux density in this re@ionis given
by:

6 6 = © 21
-0 3 (213
Rearranging this gives:
6“0
0 = (21 %

By setting a maximum tooth body flux density then a tooth body width can be calculated. The

slot width,0 , can be approximated using the following:

“ 'O "Q
6 — S 1%

The electrical loading, Q, is given by:

BO 06Q60 07Q0 QU

U - o) 0 0 21p
Rearranging equatiof2.16) for slot height gives:
0 “O

500 U 1y

Having linked the slot height to stator inner bore diaméterits value can be calculated
analytically. Two remaining unknown parameters are thefillédctor and the operating rms

current density. Since this machine was designed to use solwbihdnctors in a matched
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rectangular shaped slot, a sfitit factor 0.75 was adopted. As to the current density, a rms
value of 10A/mm was selected as this is representative of -pigiormance machines in
which the conductors are indirectly cooledy.,via a liquid cooled jacket or forced air cooling.
Fixing these parameters allows the slot depth to be calculated.

As will be apparent frorfrigure2.7, the tooth tiphas a radial deptl® . In this initial study this
was set at a fixed 1.5mm. The last remaining parameter to determine the stator outer diameter
is the backiron thickness. The baekon carries a peak flux which is equal to half the flux from
onepole. In a 6 pole, 36 slot machine the peak flux over half a pole passes through three teeth.
It is common to set the back iron thickness to 2/3 of the effective width of the teeth which
collect the flux Hence, a reasonable first estimate of the statck van thickness is to set it
equal to twice the width of an individual tooth. As will be apparent, the rectangular shape of
the slot means that the tooth gradually widens towards the back of the slot. The tooth width at
the back of the slot can be approated using the following:

‘0 ¢ Q

) - ) 2.1
0 G 0 ( B

Hence, the height of the baaion is given by:

“0 00
Q 2 S 0 219
o 0]

This assumption regarding the back iron thickness is again a relatively aggressive assumption
and this value will be further refined in later sensitivity studies. Having set the slot depth and

back ironthickness, the stator outer diameter can be calculated by:

O ©O ¢Q 0 0 2.2

It may also be necessary to include a further smaller allowance to accommodaigezigkat
An allowance of 2mm was included to allow for a slot wedge to be incorporated. The topic of

slot wedges is discussed in more details is se8ti@:2.

Since setting a value for electric loading is known to be problematic as it depends on the
thermal managemerieatures of the machine, the size and the acceptable efficiency levels,
designs were established using the analytical equations above for four different values of
electrical loading. In principle, the design equations developed should yield a design whic

meet the performance specification in terms of torque and power. However, because the sizing
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methods and equations are based on a very simplified representation of the electromagnetic
behaviour in the complex geometry of a real machine, there will aidyibe some deviation

from the performance of a particular design when it is analysed using more sophisticated
methods.

As mentioned previously, three different FEA based software packages have been used in this
research. The majority of simulations imstthesis were performed using MOTORCAD from
ANSYS, FLUX from Altair and Maxwell from ANSYS.

MOTORCAD is a motor analysis package which has been developed to be used in the design
process of machines. It is reliant on the user providing a set of designgilims and features

for which it then uses an4puilt template driven finite element solver to predict many different
aspects of performance, including thermal performance. In the design of a machine, this
package simply provides predictions of perforgerfor the user to iteratively adjust
parameters and hence it needs a-feelhded sizing study to have been undertaken by the user
ahead of inputting dimensions in MOTORCAD. Within this package, the user does not interact
directly with the finite elemergackage, with all the geometry and material specifications and
the meshing being generated automatically from templates into which the user feeds various
machine dimensions and other design parameters. It requires no expertise in finite element
modelling aad can be used in coupled thermal and electromagnetic analysis. At present
MOTORCAD is limited to twedimensional finite element analysis. Overall, it is a powerful

tool for design but is limited in terms of flexibility to explore various+stemdard geostries

or features.

The FLUX packages FLUX2D and FLUX3D provide comprehensive 2D and 3D finite element
simulation tools. They are general purpose tools that can be used with any type of
electromagnetic device and can be used with scripts to perform mpeelysis. These
packages allow electric circuit coupling but very little coupled thermal / electromagnetic
capability. Setting up a problem involves far more efforts and expertise than MOTORCAD

although there are now motor templates available in FLUX2D.

The Ansys Maxwell is another wekhown FEA software that has been widely used. There are

three main advantages associated with this software: 1. The hwilt 6 RMx prt 6 packacf
user to parameterize the model in 1D context and then automaticallateoemresponding

2D and 3D models. With the help of this feature, the modelling time especially with 3D can be
reduced significantly. 2. With the help of mechanical modelling and thermal modelling features
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embedded in Ansys workbench, the electromagneigchanical, thermal coupled simulation
can be easily achieved within the same software. 3. Recently, the-éAotaand Ansys
Maxwell has been emerged, which means the simplified model generated byckbtman be
imported to Ansys Maxwell and then furtt@mplicated simulations can be done in Maxwell.

Since MOTORCAD has the advantage of a much faster problem set up time, it can be used
rapidly as a O6calcul atordé for electrical ma c
analytically sized degns. The previously described sizing equations are sufficient to establish
some key stator and rotor parameters but not for detailed winding designs and optimisation of
the geometrylnitially a simplified winding design process was adopted, with theildéta
winding design described later in this chapter. The basis of the simplified winding design
process was to calculate available winding height in the slot based on slot ardafasttadr,

number of turns per slot, spacing between conductors amde¢masulation thickness. As

noted previously, for this bar winding, a slot fill of 75% was specifi@tien turn height is
obtained, the corresponding turn width can be calculated by turn area/ turn Adight
information required for simplified windingedign process is shown in tké&gure 2.8 and
Table2.5 below:

Distance between

3 — 1
turns = 0.15mm
Distance between
t _—
— first turn and slot
) ) opening = 0.30mm
Slot liner thickness
=0.2mm

Figure 2.8 Diagram illustrating the parameters required for winding design process

Table2.5 Required information for simplified winding design process
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Number of turns 4

I nsul ation thic 0.10mm

Di stance betweer 0. 15mm
Di stance bet ween-neolsat 0. 30mm

Slot liner thic 0. 20mm

2.1.3Application of sizing methodology

Using four different values of electrical loadi from 50kA/m to 200kA/m and following the
methodology developed in the previous section leads to the 4 design variantslsihe?.6
to Table2.9 below.

Table2.6 Detailed parameter predicted by sizing equations when Q = 50 kA/m

I nitial mo d e | 1 with Q = 50Kk

Description: surface
with distributed wind

Machine | ayout: Stator di mensi osnpse c(iafli

Number of slots: 36
Stator outer diameter
Rotor out2t2diameter:
Axi al l ength: 216

Sl ot width: 13

Sl ot depth: 13

Tooth tip depth: 1.5
SI ot opening: 2.67
Tooth tip angle: 30A

Rot or di mensions (all{General informati on
Rot or outer diameter:[Statoirr dackateri al: Hi
Pol e number: 6 St awiomrdi ngl1006&p)pES (
Magnet thickness: 10 |Rot ori harckmateri al : N ¢
Magnet arc: 140A Magnet: Recoma 32
Magnet segments radiadActive wei-wihndi(nagq):l .kl
Magnet segments axiallConductor height: 1.7
Shaft diameter: 142.6/Conductor width: 12.2

Mechani cal airgap: 2 |Current density: 10 A
Torque prH¥Ndn cted: 49
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Table2.7 Detailed parameter predicted by sizing equations when Q = 100 kA/m

I nitial mod el 2 with Q = 100

Description: surface
with distributed wind
Machine | ayout: St adiomensions (all in

Number of slots: 36

Stator outer diameter

Rot or outer diameter:

Axi al l engt h: 172

Sl ot width: 10. 5

Sl ot depth: 23

Tooth tip depth: 1.5

Sl ot opening: 2.67

Tooth tip angle: 30A
Rotor di memmsmionkeg¢sal $§|Gener al i nformati on
Rotor outer diameter: |Statoirr dmacikateri atmmm H
Pole number: 6 Stator windidhgl)ACDppe
Magnet thickness: 10 Rotor-i mamckmateri al N
Magnet arc: 140A Magnet: Recoma 32
Magnet segments radia|Active weiwihndi(naq):l .%®
Magnet segments axial|Conductor height: 4.3
Shaft diameter: 96. 6 Conductor width: 9. 3m
Mechani cal airgap: 2 Current dersity: 10 A

Torque predicted: 583
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Table2.8 Detailed parameter predicted by sizing equations when Q = 150 kA/m

I nitial mod el 3 with Q = 150

Description: surface
with distributed wind
Machine | ayout: Stator dimensions (al

Number of slots: 36

Stator outer diameter

Rot or outer diameter:

Axi al l engt h: 150

Sl ot width: 9.2

Sl ot depth: 32.28

Tooth tip depth: 1.5

Sl ot opening: 2.67

Tooth tip angle: 30A
Rotor dimensions (all|{Gener al information
Rotor outer diameter:Stabdedadk on material : Hi
Pole number: 6 Stator wi ndidth%gL)ACDppe
Magnet thickness: 10 |Rot or-i harckmateri al : N ¢
Magnet arc: 140A Magnet: Recoma 32
Magnet segments radiadActive wei-wihndi(naq):l .&2
Magnet segments axiall{Conductor height: 6.2
Shaft diameter: 74.6 |[Conductor width: 8.0m
Mechanical airgap: 2 |Torque br3Bai ct ed:
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Table2.9 Detailed parameter predicted by sizing equations when Q = 200 kA/m

I nitial mod e | 4 with Q = 200

Description: surface
with distributed wind

Machine | ayout: Stator di mensions (al

Number of slots: 36
Stator outer diameter
Rot or outer diameter:
Axi al l engt h: 136

Sl ot width: 8.3

Sl ot depth: 41. 8
Tooth tip depth: 1.5
Sl ot opening: 2.67
Tooth tip angle: 30A

Rotor di mensions (all|Gener al i nformati on
Rot or outer diameter:|Stabhaoéek on materi al: H
Pole number: 6 Stator windidhgl)ACDppe
Magnet thickness: 10 Rotor-i mamckmat eri al : N
Magnet arc: 140A Magnet: Recoma 32
Magnet segments radia|lActive weiwihndi(nagq):l .%
Magnet segments axial|Conductor height: 8.5

Shaft diameter: 30. 3 Conductor width: 7.0m
Mechani cal airgap: 2 Current derfsity: 10 A

Torgqgue prendicted: 506

The dimensions in the tables above were obtained frorsizhrey equations but these do not
necessarily produce the rated torque when analysed using finite element analysis. Hence, for
each of the four designs, the torque was predicted using MOTORCAD. The resulting torques
are shown inrable2.10. As will be apparent these fall short or exceed the rated torque. The
axial lengths of these designs can be scaled to return to the rated torque. The resulting mass of
these scaled designs are shownTable 2.10 and include an estimate of emanding mass

based on values from MOTORCAD.
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Table2.10 Change in mass required to achieve rated torque of 557Nm

i n|fTor g
for

|OriginaMass for machin
torque of 557Nm
kg
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As can be seen froable 2.6, for an electric loading of 50kA/m, a combinationsbfallow
slots,large rotor diameter and hence stator to meet the torque rating results in a very heavy
machine. When the electric loading gradually increased to 100kA/m and 150kA/m, stator
geometry looks more reasonable with increased slot depth and considerably reduced mass. The
further increase to 200kA/m does not produce a useful decrease in mass but would be
associated with increasémss and hence the design with an electric loading of 150kA/m was

selected for further optimisation.

2.2 Optimization process on initial model obtained from sizing equations
2.2.1Introduction to optimisation

Despite the adoption of a high electric loadind 8kA/m, the design does not meet the target
mass set out in the specification. Hence, a further optimisation study was undertaken to increase
power density. The factors considered were an increase in current density and slot size,

sensitivity studies ondtk iron thickness and magnetic thickness.

2.2.20ptimization process with respect to current density and slot dimension

In order to meet the target mass of 50kg for the rated torque, various combinations of slot size
and current density were evaluated. The rofgation involved establishing the minimum
current density which would maximise torque within the current machine-secsisn, a
process that also involved changing the slot width and conductor size. The final selected design
after numbers of iterations shown inTable2.11 from which it can be seen thathoughthe
optimiseddesigndoes nomeet the 50kg masequirement, the corresponding torgoerease
introduced by increased copper volume and current density gives extra space to scale the axial
lengthdownto get a further reduction on weigfthe scaling process of axial length will be

provided in the section 2.2.3.
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Table2.11 Slot and conductor dimension comparison between modified model and initial model 3

Parameter Par amet e
sizing optsechi de s
Sl ot width 9.2 10. 3
Sl ot depth 29 29
Conductor wi 8.0 8.914
Conductor he 6. 2 6.55
Current dé)ns 100 1717.
Torque (Nm) f ( 534 635
l ength of 1
Active weight 62. 1lkg 64. 4kg
axi al Il ength
557Nm torque 1
winding)

2.2.3Sensitivity analysis on stator back iron thickness

The next design aspect considered was to evaluate the impact of the thickness of the stator
backiron on machine performance. In this investigation, the rotor outer diameter was kept
constant at 146mm (Téiis equivalent to 150mm stator inner bore diameter) and the stator
outer diameter only was varied. The design established in setfidhhad a stator outer
diameter of 250mm and hence a split ratio of 0.6. The stator outer diameter was varied over a
rarge either side of 250mm from 220mm to 280mm in 10mm increments. In changing the
stator outer diameter, the slot depth was kepstantand all the change was taken up by back

iron thicknessFigure2.10shows crosssections for the two machines at either end of the range
consideredTable2.12 summarise the variation in torque with badton thickness for a fixed

axial length of 150mm and a fixed current density ofAImm? rms.

Table2.12 Impact of split ratio in terms of torque and weight

St at ororit Stator SplitOFf¥g Torque Active
di ametern di amet e]q 0 ) (kg)
150 280 0.54 6 36 79.2
150 270 0.56 636 74.1
150 260 0.58 6 36 69. 2
150 250 0.60 635 64. 4
150 240 0.63 605 59.9
150 230 0.65 475 55.5
150 220 0.68 271 51. 4
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Figure 2.9 Split ratio versus torque curve with variation on ban thickness
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Figure 2.10 Crosssections of the machines at the extremes of the range covérabl@®.12

As can be seen frofable2.12 decreasing stator out diameter from 280mm to 250mm results

in little reduction in torque but a significant reduction in mass. However, when stator outer
diameter is reduced below 250mm, outparque starts to diminish because the biack

region becomes highly saturated. This series of designs indicate that any split ratio greater than
0.6 (i.e, any stator outer diameter less than 250mm) should be avoided. Based on the split ratio
versus toque curve(Figure2.9), a 250mm stator outer diameter (0.6 split ratio equivalent)
which delivers a torque of 635Nm for an axial length of 150mm and operatinguateatc
density of 117ZA/mm? rms was selected for further study.
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Since the various refinements to the original design have maintained the same current density
and axial length, the torque has increased beyond the 557Nm of the performance specification
set ait in section 1.7Hence, there is scope to scale the axial length by a ratio of 635/557
(existing torque/rated torque) to bring the torque back in line with the specification. This will
give a slightly less than proportionate reduction in the mass omtmhine because the
contribution of the enavindings and the elements of the iogssuch as end plates which do

not scale with axial length. Scaling the axial length by this ratio reduces the axial length to
132mm, resulting in mass reduction from 64.4&k&7.9kg. The calculated emdnding mass

for this machine using MOTORCAD is 10.4kg using an assumption based on a simplified semi
circular representation. Hence, in order to meet an active total mass target of.&0kg,
including endwindings but exclushg casing and shaft, further optimisation of the design is
required. Moreover, even if the mass specification was met, there remains values in exploring

further mass reductions by optimising other features of the machine.

2.2.4Sensitivity analysis on magnei¢kness

Previous refinements to the design focussed on the stator quantities of electric loading and
stator backiron. One of the key remaining dimensions in the machine which can have a
significant influence on the torque is the magnet thickness agrislylimpact on the airgap
magnetic loading. As part of this optimisation, the magnetic airgap length (which has been set
to a fixed 2mm up to this point) was also varied between 0.5mm and 3mm. This magnetic
airgap must include sufficient space to accadate a rotor containment sleeve to retain the
individual magnets in constant with the rotor core over the full speed range. The sizing of the
containment sleeve is closely linked to the selection of the magnet thickness (which determines
the mass and heache centrifugal loading on the sleeve) and the maximum thickness that can
be accommodated. Hence, this phase of the optimisation was concerned with understanding
the tradeoff between magnet thickness and torque for different magnetic airgaps with

consicering of a containment sleeve in the next section of this chapter.

Figure2.11 shows the predicted variation in torque rating as a function of mégokhess

and magnetic airgap length for a machine with 146mm diameter rotor, a split ratio of 0.6 and
an axial length of 132mm. In all cases, the rotor core radial depth was maintained at a fixed
25.7mm and hence the shaft / roagnetic hub changed atmagnet thickness was varied.
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Figure 2.11 Two-dimensional finiteelement predicted variation in torque with magnet length for a series of effective
magnetic airgaps

As can be seen from tipeedicted characteristics above, for magnet thickness below 10mm or
so, any increase of magnet thickness leads to a significant increase in torque. However, as
magnet thickness continues to increase, the corresponding improvement in torque are obtained
with diminishing return, and indeed there is little or no benefit in exceeding a magnet length of
22mm. In a cossensitive applications such as an EV traction machine, the high cost of the
rareearth magnets means that it would be difficult to justify a reatrckness greater than
8-10mm depending on the airgap. However, in aerospace applications where mass reduction
can often justify increased cost, a magnet thickness of 22mm appears to offer a good solution
even though this is thicker than normal for thise of machine. As for the impact of airgap
length on torque with a given magnet thickn&sgure2.12 shows the reduction in torque with
increasing airgap for thcases of 22mm and 10mm thick magnets, in both cases for a fixed

machine axial length of 132mm.
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Figure 2.12 Finite element predicted electromagnetic torque as a function of effective magnetic airgap for fixed magnet

lengths of 20mm and 22mm.

As would be expected, theresemetorque penalty associated with increasing the airgap. At
this stage the analysis orBkes electromagnetic performance into consideration, which would
suggest that an effective magnetic airgap of10nm would offer a reasonable balance
between mechanical clearance and torque capability. However, this does not include the need
to incorrate a containment sleeve. The selected 22mm magnet is comparatively thick and is
hence likely to require a containment which is proportionally thicker than a 10mm thick magnet.
In order to settle on a combination of magnet thickness and effective ntagingsip length,

it is necessary to establish a suitable sleeve thickness and this process will be dstdkahin

2.2.5.

Substituting magnet thickness 22mm back into the optimized version of initial model with
corresponding change on shaft diameteetep constant rotor core thickness, this model now
gives 658Nm torque and 57.8kg mass. Since the torque of initial model was further increased
by adopting thicker magnet, there is extra space for scaling down the axial length with the ratio
of 658NmM/557Nnto further reduce total mass of initial model, resulting in a total weight of
50.9kg, torque 561Nm and axial length of 112mm. The performance of initial model is very
close to the specifications and by decreasing stator outer diameter from 250mm to #¥6mm,
requirement of torque and weight can be met.

49



2.2 .5Determination of rotor containment sleeve thickness

Having identified a preferred combination magnet thickness from a purely electromagnetic
point of view, it is important to ensure that this thicknesgasible. Specifically, in terms of
whether a sleeve that is thick enough to withstand the centrifugal loading produced by the
magnets will not result in an increase in effective magnetic airgap thabuwileighthe
incremental benefits of a thicker magieterms of torque rating. As discussed in chapter 1,
some form of rotor containment sleeve is widely used in surface mounted permanent magnet
machines to retain the magnet in contact with the rotor hub over the full speed range. Several
available mateails for rotor sleeve are reviewed in literature review section and carbon fibre
with extremely high tensile strength and low density is selected for baseline model. As well as
its excellent mechanical strength, carfitmme composites in which the fibreseaarranged in

an epoxy matrix are more or less electrically insulating at a bulk property level despite the
individual fibres being conducting. The rotor of the baseline model has traditional topology
with shaft, rotor hub and permanent magnet bondedasliiesive hub onto the rotor core. The
worstcase assumption in terms of calculating the thickness of sleeve required is to neglect the
magnetic force of attraction between the magnet and core and also to neglect any restraining
effect from the magnet toee adhesive bond. Hence, the magnets can be regarded as a dead
weight on the sleeve and hence some -esthblished analytical equations can be used to

determine the rotor sleeve thickness.

The minimum rotor sleeve thickness is ultimately determined éyhtop stress limit in the

sleeve. This hoop stress can be considered in terms of two contributing components. The first,

and usually the smallest of the two contributions is thelgatfing of the rotating composite

itself. The second and usually domihaamponent is deageight loading from the permanent

magnets. The peak hoop strgss (which occurs at the inner bore) in a thigklled cylinder

can be calculated 4%9]:
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The leading dimensions of the rotor are showhigure2.13.
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Figure 2.13 Rotor crosssection for surface mounted permanent magnet machine

The equations to calcutato equivalent  and the equivalent radius of gyration in (2.21)

are:
“ [ |
¢« -9 Q9 — L 22}
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i e Q Q
o - " 2.2
l ¢ 1T Q Q ( ?

It is worth noting that equation®.22) and (2.23) are specific to an arc shape magnet and

expressions to calculate andi of loaf shaped magnet are provided58].

As well as limiting the hoop stress to some defined design stress limit, another design feature
that must be taken into account is that the strain needs to be matched in different components
of rotor to avoid detachment of magnets from the rotor core at high speeds. This is usually
achieved in composite wound sleeve by introducingt@msion into tlk fibre if the sleeve is

wound in situ or interference fitting of pfermed sleeves with a specified diametrical
interferencg59]. A properly designetével of interference does not introduce additional stress

into the rotor at the maximum speed and hence although eq(@a#idhdoes not account for
diametrical interferencéutit remains a useful tool to calculate the sleeve thickness to remain

within a specified material stress limit. Given a combination of rotor outer diameter, magnet
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thickness, airgap length, operating spaed maximum hoop stress, the resulting rotor sleeve
thickness can be calculated analytically ugig1) (2.22) and(2.23).

A key factor in determining the sleeve thickness is the speuificaf the maximum stress
level to which the composite can be exposed. Values of up to 1GPa have been proposed for
PM machines in literaturfs9]. Whereas this is within the range of properties that can be
achieved by good quality carbdibre filament wound composites, it is common in electrical
machines to adopt lower values and increase thetkmngsafety margin to account for factors
such as sess relaxation in composite when exposed to temperature cjgihdrurthermore,
in-situ winding of filament sleeves directly on to the magnets requires ttensiening of the

fibre to manage strairsanoted previously. During the-8itu curing, it is difficult to retain very

high levels of preension and hence 5@D0MPa is often regarded as the upper limit of design
stress for irsitu wound sleeves. To provide some espeed capability the firsnalysis was
performed based on a design stress of 300MPa which is well within the capability of flament

wound carbon fibre composites even when temperature cycled.

Figure 2.14 shows the variation in the thickness of sleeve with magnet thickness for a
maximum localised stress of 300MPa. This relationship was established with iterative use of
equations(2.21) - (2.23). The thickness shown are well within the range that can be
accommodated in a 2mm gap between the outer surface of the roteteagd the inner bore

of the stator. For example, the 22mm preferred value of magnet thickness identified in section
2.2.4 requires only a 1mm thick sleeve which can be readily accommodated and still leave a
mechanical radial clearance of 1mm betweenailter surface of the sleeve and the inner bore

of the stator. Hence, a combinationtf=2mm anddt =22mm was selected for baseline

reference design.
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Figure 2.14 Variation in sleeve thickness to limit peak sleeve stress to 300MPa as a function of magnet radial thickness
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2.2.6Summary of optimised design

Following the various stages of design refinement and optimisation, the parameters of baseline
model that gives ratadrque with total weight under 50kg were determined. A detailed design
specification for the final reference design is shown in the design sHesiti@®.13. This final
reference design has a stator outer diameter of 246mm, an axial length of 112mm with a total
active mass (including the emdndings) of 49.5kg. This gives a power density of ~7kW/kg
based on active mass (including an estimate ofvgnding mass).

Table 2.13 Design sheet for baseline model

36 slot 6 pole 350kW 6, 000RP
Description: surface parallel rotor, paral/l
Machine | ayout: St adiomensi ons (alll i n
Number of slots: 36
Stator outer diameter
Stator bore diameter
Axi al l engt h: 112
Sl ot width: 10. 3
Sl ot depth: 32.3
Tooth tip depth: 1.5
Sl ot opening: 2.67
Tooth tip angle: 30A
Winding |l ayout:
Ef]|E bf|b Bl |B
bl b B|]|B b |k
Rot or di mensions (al/General i nformation
Rotor outer diameterStatoirr bomackateri al : Hi g
Pole number: 6 Stator winding: copper
Magnet thickness: 22Rotori harckmateri al : NO2
Magnet ar c: 140A (ellMagneiCad{Rmcoma 32 grad
Shaft diameter: 50.6Active weight: 39.3kg
Ef fective magnetic: |Total machine weight: A4
Containment sleeve tfConduct o8r. 994emngt h:
Resi dual mechani cal Conductor width: 6. 55mi
Current dl/nmmmy : 11.
DC bus ®0VY age:

As can be seen from ti&ble 2.13 above, the stator outer diameter is slightly lower than that
of the 250mm identified from the initial sizing process and the sensitivity study reported in
section 2.23. The 4mm reduction ostator outer diameter was established following a further

sensitivity around 250mm with a finer increment of diameters. It was established from this
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further study that a 246mm stator provides an optimal solution in terms of additional weight

reduction whie producing rated torque.

It is interesting to summarise the evolution of the machine during this sizing and optimisation
study.Table2.14 shows a summary of the changes in the leading dimensions and mass as the
design optimisation progressed. In each case the axial length was scaled to achieve the desired

torque rating.

Table2.14 The changes of leading dimensions and mass during the design and optimization process for Q = 150kA/m

Il ni i Opti miozfag Opt i miozf¢ Opt i miozf Final

sizicurrent (stator magnet optzami

sl ot thickn with

i ncren

Stator| 250 250 250 250 246
di ame
(mm)

Axi al 150 150 132 112 112
for r
torque

Over al 6 2. 64. 4 57.9 49.5 49.5
(kg)

2.3 Evaluation of reference machine desggiformance

The initial design and optimisation were performed using MOTORCAD which includes-a built

in customised finite element solver. However, this solver is not a ggnetabse finite element
package that can be used with specific models to inestigarious design features and
complex phenomena. Hence, the main analysis tool used in the research reported moved to a
commercial finite element package, specifically the FLUX2D and FLUX3D packages from
Altair. The first task undertaken was to build adel of the reference designtdble 2.13in

FLUX2D and compares its performance predictions with MOTORCAD.

2.3.1Comparison between MOTORCAD and ALTAIR FLUX 2D performampcedictions

The geometry of the baseline design model in FLUX2D is showneifitjure 2.15. The
symmetry in épole and 36slot design was exploited to reduce gineblem domain to 1/&of
the full machine with anityclic boundary conditions. Two mechanical sets (named stator and
rotor) were defined to sefp rotation of the machine with stator fixed and rotor rotating around

a defined axis.
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Figure 2.15 Geometrical view of baseline model

An important consideration in the modeInote is the direction of magnetization of the magnet.

Arc shaped magnet segments of the type shoviagiare 2.15 can be manufactured with one

of two different directions of magnetization: parallel and radial. The parallel magnetization of
permanent magnet is most straightforward to aclaedecan produce an increased flux density

in airgap region and hence is often adopted in electrical machines. The radial magnetization on
the other hand, is relatively difficult to achieve from a manufacturing point of view and the
resultant airgap flux ehsity (which impact torque capability) tends to be lower than model
with parallel magnetization.Figure 2.16 illustrates the differences between parallel

magnetizabn and radial magnetization in the reference machine design.

Note that there is a special type of magnet arrangement called Halbach arrayisvaffiieh
seenin high performance electrical machines especiallyhie format of outer rotoPM
machinesn aerospace applicationsor aHalbach arrayarrangementonepoleis subdivided
into several segmentations with customized magnetisdtieationof individualsegmentsin

this way,theflux produced by PMsan be concentrated at the dfied side while cancelled

at the other side to achieve the flux focusiigother benefit of Halbach array is thhé back
iron thickness of rotor can be reduc&ule to the fact that the parallel magnetization can
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achieve higher flux density in airgapgion with reasonably simple manufacturing process,

this magnetization method was adopted for the remaining studies reported in this thesis.

Parallel magnetisation

Radial magnetisation
Figure 2.16 Difference between parallel magnetization and radial magnetization

Having defined the geometry and materials, the next step was to specify a finite element mesh
for the modellt is well known that mesh equality has a significant influence on the accuracy

of a finite element model. The mesh of baseline model with default mesh settings in FLUX2D
and the mesh quality assessed by FLUX2D are showigure2.17.
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Figure 2.17 Mesh information for baseline model in flux with evaluation of mesh equality
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As can be seen from the bottom lefFajure2.17, the proportion of excellent quality elements
evaluated by the software is 99.42%. This assessment, which is automatically done prior to the
solution, does not relate to whether there are sufficient elements in the required locations at
appropriate discretisation but refers solely to the aspect ratio of the elements. In the case of
triangular mesh elements, the ideal element is an equilateral triangle. The requirement on mesh
spatial discretisation differs for various regions of electmeathines and arguably two most
important regions that need extremely fine meshes in FEA modelling are airgap region and
conductor region. The mesh quality of airgap region has major impact on the likely accuracy
of the torque prediction while the mesh detsation in the conductor region is key for

calculating eddy current loss.

The FLUX2D mesh shown previously Figure 2.17, which wasauto generatedsing high

level default discretisation, is not optimised in terms of element layout or element type to best
deal with eddy currents in the conductors. The issue of custom mesh geometry for improved
modelling eddy currents it discussed in detaisection 3.1.5 However, the current mesh of
Figure2.17is useful in terms of assessing the performance of standard default mesh.

The first simulation performed was apencircuit calculation to establish the baeknf
waveforms at 6,000rpm for each phase. This refers to a condition where the stator windings
are unexcited (open circuit), and the rotor rotates as rated speed (6000RPM) in transient
magnetic context. Tharmsulation often involves building an external circuit and then linking

the circuit to physical representations. Elementary electrical circuit usually consists of different
components including current source or voltage source for excitation, solid canducto
stranded coil conductor for winding regions, resistor and ground. The external circuit of

baseline model is shown in théggure2.18 below:

8 series connected solid conductors
Current_Source 1 1

PhaseA T, o w—
Current_Source 2
PhaseB - o 0 % 0 0 = ] )
- :urrent'_'Source_3
PhaseC ANy o W o Wy o W W oy SR o Ry W' W

o
I

10K resistor

Solid conductors for [— 10K resistor
permanent magnet

Figure 2.18 External circuit of baseline model
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One thing to note is that there are two additional 10K resistors and onecsntidctor
(representing one pole of permanent maygtiett are connected to the maincuit. This is
because FlugD does not allowndependentomponents in the external circuit and thus two
large value resistors are usedpioysically connecthe circuitbut electrically separate the
components of three phase and permanent magdysetan be seen from thgégure2.18 above,

8 solid conductors are connected in series to represent the winding regions of single phase and
three phases are connectegarallel with star connection. While for the solid conductor in
bottom region, it represents permanent magnet region and is parallel connected to a large value
resistor. The windings are excited by current sources, and the current waveforms are assumed
to be puresinusoidal (no harmonics considered) with parameterized formulas. The equations
that define current sources are related to speed, frequency, speed and maximum current and
this allows easy control of the input current for future evaluations. Tihentwsources in each

phase of the electrical circuit were supplied with the current waveforms calculated using
equation(2.24) to (2.26). The ternf in each equation is an angular offset (in élaghich

aligns the zerdime referenced current waveforms with the rotor positiamch may contain

arbitrary reference angles depending on how the model was drawn).

—

06 O i VLo — 2.2
o U 22 3
06 O i Mo — & 22 %
P l.|J m O
"O . "O , ‘Q-E . |-) 13 .[H (22 ﬁ
(0] | 0} o lIJ no .

There are two types of regions that can be used to represent windings and other conducting
regions in FLUX2Dmodels, viz. solid conductors and stranded coil conductors. It is common

in most, but not necessarily all, finite element models to represent a coil as a single homogenous
region rather than representing each individual wire within the coil. Strandecbodilictors

allow a winding consisting of numerous individual wires (which may be a combination of
series and parallel connected) to be represented as a single homogenous region in which the
externally driven current is uniformly distributed across theoredn the context of AC losses,

the key feature of a stranded coil is that the region is regarded as beingnuueting from

the perspective of induced eddy currents and hence is not a source of AC loss.
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In cases where the individual to account for biatposed conduction currents and induced
eddy currents flowing in the conductors, solid conductor region is usually implemented. There
are several things to note for implementation of solid bar conductor. First, the conductor shape
needs to be representatiof realistic conductors. For example, if to calculate the conductor
loss in Litz wire, each strand needs to be reflected in geometry and then connected to its
corresponding solid conductors in external circuit. This process introduces extra modelling
complexity especially for models with large number of turns. In addition, the mesh quality on
conductor region needs to be very fine to fully capture the skin and proximity effect, which
means the solving time will be increased. Since the focus of this tise® evaluate and
compare the losses in different types of conductors, the solid bar conductor will be used in the

following analysis.

Opencircuit conditions can be enforced in the finite element model by setting the amplitude
of the current sources #@ro in the coupled electric circuit Bigure2.18. The phase baekmf
waveforms ie., line to starpoint) and line to line backmf waveforms for baseline modeka
shown in tke Figure2.19 andFigure2.20.
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Figure 2.19 Phase (line to stapoint) backemf curve of baseline model
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Figure 2.20 Line to line backemf curve of baseline model

The zerecrossing angle of the ba@mnf can be used to align the currents with rotor position,
i.e.,establish a value ¢f for (2.24) to (2.26) which control the current sources in the coupled
electric circuit. As can be seen froRigure 2.19 and Figure 2.20, both 3phase baclemf
waveforms exhibit significarharmonic content. FFTs of the line to star point andtiréene
back emf waveforms is shown filgure2.21 andFigure2.22. As can be observed, th# 51"

and 1% order of harmonic are significant in both waveforoug as expected only the back

emf for the line to star point (which is floating) containg®harmonic.
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Figure 2.21 Harmonic content of line to star point baeknf waveform
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Figure 2.22 Harmonic content of lingo-line backemf waveform

Following evaluation of backmfs, the next comparisons were the calculation of
electromagnetic torque and the winding losses at rated current and rated speed of 6,000rpm. A
comparison of baseline perfoance between FLUX2D and MOTORCAD is shown in the
Table2.15. As will be apparent, there is good agreement between the electromagnetic torque
predicted by both packag. In terms of overall copper loss, it is worth noting that FLUX2D
model is a twedimensional finite element modelling and can therefore only calculate the
winding loss in the active region. MOTORCAD also contains adimzension finite element
solver butalso includes an analytical calculation femdwinding loss. Note that the end
winding loss calculated by Motarad is pure DC. It should be noted that the differences of
total winding loss predicted by two software are relatively noticeaBIB% taking Motor-cad

value as baseline) compared to torque predictions. The difference of loss predictions mainly
comes from the mesh differences for two software. Although all the two modetiefiasdt
automatic mesh, the resulting mesh quality among condugmmres significantly different

and thus gives misaligned loss predictions as showahie2.15. Since the Motoxcad is only

used in early stagdo get somejuick designs, the processes that align the loss predicted by
Flux 2D and Motorcad will not be provided here. In the following chapter, the evaluations of
initial baseline will be carried inaditional FEA software like Flux and Ansys Maxwdlhe
magnitude of the total loss is some ~10 times higher than t¥d\22f quasistatic loss for

this machine. This illustrates that for this combination of conductor size and frequency, the AC
losses argorohibitive and that significant improvements are required in terms of AC loss to

make a bar conductor a viable option.
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Table2.15 Torque and loss comparison between FLUX2D and MOTORCAD

FLUX2D| MOTORCAL Didrfence
Tor que 552 Nm 555 Nm 0. 5%
DC 1l oss (W) 2214W 2214W -
AC |l oss (W) 19,802 22,770 -
Total 1 oss 22,016 24,9814 13.5%
Number of g
points 30 30 )
Solving tin 2mi n 1min -

2.3.2Evaluation of variants with different pole numbers

The outcomes of the initial evaluation of the baseline design are that whereas it can produce
rated torque, there are prohibitive AC losses for the bar conductor winding selecitiirns

per slot, each 8.94min6.55mm. The AC losses are dependentherelectrical frequency. At

low frequencies, the losses increase with the square of frequency until skin effect starts to have
a significant effect on the eddy currents. One option for bringing down the AC losses while
maintaining the same speed rangmiseduce the pole numbleut at the expense of increased
weight On the other handncreasing the pole number in PM machines tends to result in
reduced mass for a given torque rating but at the expense of an increase in the frequency
dependant loss meghisms. The mass savings are obtained from the fact that the rotor and
stator back thickness required to maintain a particular peak flux density are inversely
proportional to the pole number.

Recallthatthe baseline model is a 36 slot 6 pole SPM maclkiqaipped with bar conductor

and the calculated AC loss at rated working condition is already prohibitive. In order not to
exhibit excessive level of AC losses, the emphasis of the pole number investigation was on low
pole numbers of 2 pole and 4 poldowever, the evaluation of a J@le variant was also
included to demonstrate the diminishing return in reducing overall machine mass as the back
iron is progressively reduced in thickness. There are three things to note during the process of
pole number invagyations: 1. stator slot number is kept fixed at 36 for each pole number and

2. stator related dimension are all same as that of 6 pole baseline modehamdirgy pattern

will be adjusted accordingly based on the differentgtdé combination.

As different pole number combinations were considered, the principle adopted for scaling the

stator backiron thickness and rotor ba@ton thickness was to simply scale the 15.7mm thick
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backiron in the 6pole design by a ratio of 6/new palamber. For example, if pole number
decreases from 6 to 2, the bawokn thickness of stator and rotor needs to be increased by a
ratio of 3 (i.e., 6/2) to 15.7*3=47.1mm, thus ensuring equivalent flux density in the rotor and

stator backron.

Figure2.23shows a summary of the initial designs of 2,4 and 12 pole machine based on simple
scaling of the backon of the baseline-fole machineAlso shown is the proposed winding
configuration for each pole numbérable 2.6 shows some key design parameters for this

starting design.

Bl|B]||B]|®B B B B||B]||B blle] |k

bl |b||b]|b]|b b B||B]||B blle]|b

@36l opgl & desi g b)3&sl ot, 4 pole

(c)sl3®dpol & desi gn (d)sI3®tp,ol 2 desi g1

Figure 2.23 Alternative pole number designs with the same rotor outer diameter and 36 stator slots (edlectomss are
shown on the same scale with a constant rotor diameter)

63



Table2.16 Key design details for designskigure 2.23

2pol e 4pol e 6pol e 1ol e
Fundamen 0.956 0.960 0.966 1.000
winding
Wi nding Single Singl e Doubl e Singl e
distrip di strih di strip distrih
Coi |l spa 18 9 6 3
Statoirr dI 47 . 1mm 23. 6mm 15. 7mm 7.9 mm
thicknes
Rotor-i @an46mm (77 38. 6mm 25. 7mm 12. 3mm
thicknes

Note that for Zpole variant the scaled rotor baickn thickness is 77.1mm. This thickness is
impossible to apply to the existing model because the rotor outer radius is only V@ make

the scaling process offible design realistic, the shaft diameter is set toreasonably small
value of 10mm and will be kept constant during the process, which means th&oback
thickness for Zpole variant is 46mm (with constant rotor outer radius of 73mm, 22mm

magnetic and 5mm shaft radius).

The simple scaling of the rotor bairon provided a useful means of initially sizing the various
designs. However, some optimisation of the stator and rotorit@atkvas undertaken using
Motor-cadthat was able to vary the batkn around the original scaled value to establish the
most gpropriate thickness on a more robust basis to ensure a more equitable comparison

between the pole numbers.

The detailed scaling process for stator and rotorHrackthickness is to change the thickness

of stator by +20%nd +40%each time with correspding change in the rotor baaton taking
nominal thickness as baselikes an exampldrigure2.24 shows the influence of a £20&6d

+40% variation around thaominal 47.1mm thick baekon of the 2pole design on the
electromagnetic torque for the nominal axial length of 128mm. Each increment or decrement
will be 20% of nominal stator badkon thickness This axial length is the value that
corresponds to thease with the 54mm thick bagion achieving a rated torque of 557Nm. For

the particular case shown the rotor b&ck was a fixed at 46mm although as part of the

optimisation this was also systematically varied.
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560 | |—36 slot 2 pole variant| __—" }

540

Torque (Nm)
9,
)
S

()]
S
O

baseline stator back:-iron thickness = 47.1mm -

480

28.3mm 37.7Tmm 47.1lmm 56.5mm 65.9mm
Stator back-iron thickness (mm)

|

Figure 2.24 The impact of variation on stator/rotor baglon thickness on torque for 36 slot 2 pole variant

The optimal designs establish for each combination of slot/pole number using this systematic

variation of the rotor and stator baickn ae summarised in the

Table2.17. In each case, the axial length quoted is the value required to produce the rated
torque of 557Nm. The torque and AC losses weateulated using only MOTORCAD with no
crosschecking via FLUX2D. All the calculations are carried in room temperature (20°C) at

rated speed of 6000 RPM over one electrical cycle.

Table2.17 Summary for optial designs for different slot/pole combinations

36 sl 36 sl 36 sl 36 sl
2 pol 4 pol 6 pol 12 po
Stator outd 5gq9 253 246 230
(mm)
Statoirréach 4. 4 18. 9 15. 7 7.9
t hi ckness(1
Rot ori har k 46 30.9 25 .7 12.9
thi ckness
Axi al | engt 138 115 112 131
Tot al wei gh 95. 6 57. 1 49.5 45 . 8
Fundament al
frequency i 100 200 300 600
(Hz)
(Q\‘jv;m“at'c © 2. 721 2,263 2,214 2, 58¢
AC loss (W) 6,761 13,77 22,80 51,10
Totcaolpper | 9, 48§ 16, 03 25,01 53, 68
Winding tyyg Singl e Singl eDoubl el Single
di stri| di stri| di stri di stri




Note that all the losgaluesare obtained with an assumption of 20W@m temperatureAs

can be seen fro Table2.17there is the expected progressive reduction in mass with increasing
pole number as the back iron thickness is reduced. The problems encountered previously with
the 6pole machine in terms @rohibitive AC loss are reduced with decreasing pole number

as would be expected. However, even withgo machine that has a fundamental frequency

of only 100Hz, the combination of large individual bar conductor esestons (8.94mm

6.55mm) and skdeakage means that the AC losses are still almost 3 times thestatasioss.

The slot dimensions and conductor cresstions are the same in each case and hence, other
than a small correction for the change in axial length, it would be expectatieha€C loss

would increase more or less as the square of pole number if the eddy currents were resistance
limited. However, the increase in frequency from 100Hz to 200Hz which is a consequence of
the increase in pole number from 2 to 4 only results inithés increase in the AC loss. This
suggests that significant skin effects are prese2@@itiz, which can be confirmed by the fact

that the conductor height is bigger than skin depth at corresponding frequen@®C Toss
increase between 2 pole andd@epis only a factor of 3.48 as compared to a factor of 9 for a
simple square of frequency relationship. This is the consequence of different loss components
that are added into together in a dimear format, i.e., the impact of skin effect and proximity
effect from adjacent conductors and the loss generated by rotor PM flux. This again
demonstrates the danger of relying of simple analytical expressions for skin effect to size

conductors for use in a machine.

In summary, whereas reducing the pole numlaarreduced the AC loss considerably, it has

not reduced to a sufficient level to make evenpo machine viable in terms of loss and in

any case, it incurs a very significant mass penalty. Since even@otevootor cannot provide
acceptable levels dbss for this particular winding arrangement and conductor aiizitional
mitigation strategies are required in order to address AC losses in this series of machine designs.
Methods for mitigating AC losses are discussed further in chapter 3. ThessA@Gitmation

strategies are a key novelty of this thesis.
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Chapter 3Investigation of AC losses and method to reduce it

3.1 Loss mechanismis solid bar conducter

As is discussedn previous chaptersthe keyefforts on enhancingower density in PM
machinesarenow focused primarily on stator design and in particeteblingat high electric
loading through a combination of increased slot fill and improved thermal management of
losses. In machines requiring relatively few turmes plot, both of these features can be
enhanced through the adoption of solid bar conductors, particularly if slot shaptose
match tothe conductordimensionsBar conductors arbecoming increasingly common in
some PM machines, particuladg notd in chapter 1with development of hairpin cailvhich

are being increasingly being used in electric vehicle traction macféiésWhereas bar
windings canmprove sloffill, care must be taken in ensuring that high frequeihCylosses
do not autweighthe benefits of the sldill. To manage theéAC lossesn bar conducta; the
principles underlying windings losses need to be understaodorder toimplementloss

mitigation strategies

From a design point ofiew, it is useful to separately consider the behaviour of conductors to
low frequency time varying currents and the behavietin higher frequency currents. The
guaststatic losses (sometime referred to as DC loss despite applying to AC currents) deals with
the case where the current is uniformly distributed over the-sexg®on of the conductor.

With uniform current flow across the conductibie quaststatic loss is relatively easy to
calculate because of its linear relationship to resistivity, current@mdluctor dimension, see

(3.1) below:

0 O Y 0 "6 (3.2)

To produce the desired torque, a particplaductof averagecurrent and turns is regad.

Substitutingd —andw & dack into equatiof3.1), yields:

(3.2)

As can be seen froif3.2), thequaststaticloss in a given slot is inversely proportionalthe
crosssectionalarea of coppewhich is the reason that the proportion of the slot which is
occupied by copper plays such an important role in the reducing ohmic Id$sedefinition

of slot fill factor (sometimes referred to esil packing factor) ighe proportion of the total
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available slot area which is occupied by copper. As an exarRjgare3.1 shows a simplified
representation of a statetot that has 18 conductors each with a copper outer diameter of
1.3mm(this diameter does not include the enamel on the wire it3él§ slot has a width of

6mm and a useable depth of 10mm after space is made set aside for a slot closure / wedge. In

this case, the slot fill is given by—8 @ wTlhere are several definitions for slot fill

depending on whether they use the available slot aeegafter subtracting the slot liner) but

in this thesis the definition is based on the ratio @iper area to bare slot area.

Figure 3.1 A simplified slot diagram illustrating the importance of slot fill factor

The achievable slot fill with circular conductors is not a fixed number and depetidseract
winding technique employed, the slot shape, the number of condantbtke thickness of the
slot liner. For a given core geometry, there is significant benefit in increasing the slot fill, not
only to reduce loss but also to increase the effethermal conductivity across the slot to aid

heat transfer.

In contrast to the straightforward methods for calculating egtasic loss, the calculation of

AC losses is far more complicat&the additional AC losses are caused by eddy currents which

are induced in conductors themselves due to the exposure to time varying incident magnetic
fields and results of different mechanisms. The induced eddy currents can be regarded as the
direct consequence of &ar admag dsddwhstheyfllootine m n @ u c

the opposite direction of source current to craatgpposingeactionf i el d (Lenzds | a
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are four types of sources that generate eddy current loss#®eionductors of electrical

machines

i) The influence of imposed timarying current in a conductor on the flimkage of
the conductor itself. As the frequency of current increases, the cigieoteasingly
confined to the surface of conductior, a p
ef fect 6.

i) Time varying currents flowing in nearby conductors whose-trarging flux linksthe
conductorof interest. This behaviour @ften referred to athe proximity effect.

iii) The timevarying field produced by the rotor permanent magnets which ésthir
incident on the coil rather than being confined to the stator core. This comprises a
proportion of flux which enters the slot via the slopening and an additional
component otrossslot leakage flux.

iv) When bar conductor is subdivided into thinniips and connecteith paralle| there
will be circulating currents flowing among the parallel strips due to the impedance
mismatchof each stripThis type of eddy current loss is often referred to as circulating

current loss.

The aggregate induced eddyrents can cause significant currentdistribution within
individual conductors and a consequent marked increase in loss. The eddy current losses are a
function of the dimensions of the conductor cresstion, the electrical frequency and the
immediatesurroundingenvironmenbf the conductor in terms of nearby conductors and core

regions.All these features will be evaluated in the following sections.
3.1.1Skin effect

Skin effect is a widely used term to describe the prdmgsichtime varying currergtflowing

in a conductor will increasingly tend tmncentrate near the surface and hence flow within a
6skindé as the frequency is increased. This r
a conductor results in an increaseefifective resistarewhich leads to the concept of AC
resistance and AC los& schematic representatiarf the mechanism by whidhduced eddy

currens are induced by aexternally driversource currens shown inFigure3.2. This shows

a length of circular conductor which has for illustration purposes been sectmsakow the

lower half only
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Source Current

Figure 3.2 Inducal eddy currentioops and resulting fielgroduced bya timevarying current carryingin a conductor

Thelargered arrow inFigure3.2 represents thexternal ACsource curreninto theconductor.
Applying the righthand corkscrew rule tthis source currentesults in acircumferential
magnetidield insidetheconductorshown schematically by thhed dashed circle. The reaction
field produced by the induceeddy currerd (highlighted bythe dashedurple arrow) wil
according t o L eimtledpposite dinectidicethe saurcescarrergfebld e n z 6 s
law can be used to establish thaedurrentloop directions which produce these reaction

fieldsand are shown as solid purple lines

As can beseenfrom Figure 3.2, the two loops of induced eddy currerftow in the same
directionas thesource current at the outer edge of conductorimtide opposite directioro

source current in the middéd the conductarHence the net current appears to flow in a skin
around the edgdnence theéermskin effect.When viewed from the terminals of the coil, the

net current is the applied source current since the induced eddy currents sum to zero as they
flow in closed loops within the coibince ohmic losses are proportional to the square ofrdurre
density, then confining a given total current to some fraction of the-sexs®n will increase

the overall loss for a given total curreihere are welkstablished equations for calculating
various aspects of skaffect e.g.,effective or AC resistance, skin depth and modified ohmic
lossboth in frequency domain and time domfgg]. Oneanalytical equation for calculating

average eddy current loss density itiraularwire in frequency domaifrom [62] is:
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0 Q0 "Q (3.3)

Notethat for this equation, treddy current reaction figlis neglectedn addition, his equation
is based on the assumptitimat thecurrent waveforms are puyesinusoidal and thug,
represents amplitude ekcitingcurrentdensity The key termin equation (3.3)Q, is theskin

effect eddy current loss coefficieadfor circularwire is given by

2 (3.4)
wQ

A comparable expressidar a loss coefficient for rectangular caradors has been derived in
[62]:

N T ; Q
o ¢ PP

we pu Q

(3.5)

The termQ is the wire width to wire thickness ratio and wh@n- 1, the loss coefficient is
equivalent to the format of square wire and whmpproaches to infinity, equatids.5)

becomegquivalent tq3.4) for circularwires.Equatio (3.5) demonstratethat the skin effect
is proportional tav and"Q, which meanshat avoidingsignificant skin effectequires the use

of fine wire, particularly at higher frequencies.

Anotherconcepthat is widely adopted for skin effect related issudbas ofskin depth.The
skin depthprovides an approximatioior the thickness of current concentration regidhe

skin depthis proportional to frequency, material resistivity and permeability:

o (3.6)

Copper has a skin depth of 3.8mm at 300Hz which is the fundamental electrical frequency of
the reference machine design. A useful but very simplistieafateumb is that the skin depth

at the operating frequency of thenductor should be greater than half the main dimension of
the conductor if serious eddy current problems are to be avoided. According to this very simple
guidance, the single piece bar condudsoonly slightly beyond this limit in terms of the

conducbr width and hence eddy currents are likely toméaue.

In order to both calculate AC losses produced by skin effect and illustrate the nature of current
distributions within conductor at different frequencies, a simplified single condficitar

elementmodelwashbuilt in FLUX2D. The conductor is supplieslith steady statsinusoidal
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AC current and hence a complsieadystateformulation can be used in which the time
variation is treated as a complex exponential term. This allows a single calcutatie
performed for each frequency without the need for tste@ped solutions and their associated
transients. The conductor is assumed to be magnetically remote from any other conductors and
hence it can be located as an isolated conductor in spdcta tehgential flux boundary.€.,

vector potential = 0 on boundary). &boundarywas locate®0mm away from the conductor

as shown irFigure3.3.

Figure 3.3 Single conductor model in 2D steady state context for illustration of skin effect

The isolated bar conductoonsidered in thiseries of simulatiohas adimensionof 8.94mm

x 6.55mmwhich issame asne series turn conductor in thigtimisedreference machine design
established in chapter 2. Theodel depthwassetto 1m. The modelvas solvedat discrete
frequencies betweed.00LHz to 1000Hz with 100Arm¢141A peak)injected currentThe
0.001Hzsolution was used to represent a ousagtic case whicls representatie of DC
conditions.The predicted peak current density distributions in this single isolated conductor
are shownn Figure 3.4. These have all been plotted to a consistent colour scale. For the
0.001Hz case, the current density is a uniform &hm? (noting that in this complex
formulation). As will be evident, at B0Hz (which is the fundamental frequency of the reference

design at its rated speed) there is some evidence of eddy current redistributiocomméng,
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but the bulk of the conductor cressction is operating more or less at the same current density

asthe gquasttatic case.
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Figure 3.4 Current density plot of isolated rectangular conductor for sweeping frequencies up to 1000Hz

As noted earlier, the increase in loss caused by induced eddy currents leads to the concept of
AC resistance which is the effective resistance of the conduckgpaticular frequency. The

loss predicted by the finite elemesimulations carbe used taalculatethe ratio of the AC
resistance and DC resistarared they arsummarised iTable3.1. As shown, théncrease in
effective resistance and hence loss is only 3.7% in this isolated conductor at 300Hz, although

it starts to rise rapidly at higher frequencies.

Table3.1 Increase in effective resistance with frequency for single isolated conductor

Frequen 0.00 100 300 500 800 1000
Y TY 1 1.00 1.03 1.009 1.22 1.31

The relatively small increase in effective resistance and hence loss at 300Hz in this single
isolated conductor might suggest that the use of a solid 8.94én55mm conductor at 300Hz

in the baseline machimaight only results in a small change in performance. How&wegs

shown previously in sectioB.3.1 of chapter 2 that a-pfole machineequippedwith same
dimension®f conductorexhibited AC losses that was many multiples of the gstasic loss.

It will be shown in the following sectiontatthis isolated single conductor case results in a
very significant underestimate of the eddy currents effects at machine level. Indeed, these

results demonstrate the dangers of relying on simple guidance akoudésth and conductor
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crosssectionfor judging whether AC losses are likely to be a major proltem practical

machine context

3.1.2Proximity effect

Proximity loss is the term used to describe the additional frequency dependant copper loss
generated in aonductor when it is part of a closely coupled array of conductors. The currents
which flow in adjacent conductors produce a contribution to the localiseevéiming field in

the conductor of interesthe analysis of asingle conductor modelescribedn section 3.1.1

can be extended to include a further three condutt@$ 4 array initially again surrounded
entirely by air.These four conductors are connected in segshence carry the same net
sinusoidal current 0000Arms The resulting predited current density plots over different
operating frequencidsr a steadystate complex sinusoidekcitationareshownin Figure3.5.
Theresulting AC resistance asemmarisedn Table3.2. As will be apparent, thpresence of
addiional conductors increaséhe AC resistance significantly, particularly in the upper and
lower conductors compared to the single isolated conduetgr, the upper and lower
conductors have an AC resistance of 135% of the «pasc resistance at 300ldampared to
~104% for a single isolated conductor at the same frequency
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Figure 3.5 Eddy current distribution in 1x4 array of bar conductors in-aireach conductor has a size of 8.94mm x 6.55mm

Table3.2 Increase in effective resistance with frequency due to proximity effect of adjanenttors

Frequency 0. 00 100 300 500 1000
YZY in | owe 1 1.04 1.35 1.82 3.01

upper cond|




Y XY in cent 1 1.01 1.11 1. 26 1.69
of conduct

3.1.3Crossslot leakage flux

Crossslot leakage is the term given to the flux that passes across the slot and impinges on the
conductors within the slot. The most significant contributor to lakagefield is the flux
produced by the conductors in the steelf. The preceding two sections have demonstrated

the increase in eddy current losses which occur between a single isolated conductor and an
array of 4 conductors in air due to proximity effe€his increase becomes even more
pronounced when theamearray of 4 conductorg8.94mm3 6.55mm)is put into a
representative stator slot. The simplified rectilinear finite element model of a Biguire3.6

was simulated in FLUX2D using the same stest#ife complex AC representation of a
sinusoidal currentith a rms magnitude of 100Armén this case, theame array offour
conductordnumbered #4 as shownyvassurrounded on three sides by a representation of a
linear magnetic coravhich was assigned a linear fixed relative permeability of 500k

region above the slot is an open region of space.

Figure 3.6 Simplified rectilinear model of four series conductors in a slot

The resulting variation in eddy current density at various frequencies kplroate shown in
Figure 3.7, in each case to the common colour scale shown (the maximum of which
corresponds to théighest localised current density in the 1kHz ¢a§ke corresponding AC

resistance variations are summarisedable3.3.
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Figure 3.7 The variation of current density for simplified rectilinear model with 4 series connected conductors

Table3.3 The AC resistance variation of simplified rectilinear model with 4 series connected condactgirsgccurrent of
100A rms

Frequency (Hz)
Y TY
0.00 100 300 500 1000
Conduct 1.00 3.84 2BO 42.0 172 7
Conduct 1.00 2.47 11.7/ 22.8 409 4
Conduct 1.00 1.53 4.88 8.90 15. 4
Conduct 1.00 1.06 1.46] 1.95 2.90

The behaviour observed gure3.7 andTable3.3, in particular the impact on the conductor

nearest the airgap can tnedersbod by consderingthe fundamentals of cros$ot leakage flux.

A useful first order estimate of the variation of flux density in slot due to the conductors in the

slot can be obtained by applglh mper eds | aw t o t RigureZ8 Thipl i f i ec
model consists of an infinitely permeability iron core and assumes a simplified one

di mensional field in the slot. Amperaghhs | aw
around a closed path equals the current enclosed by that path.
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Figure 3.8 A simplified model with infinite permeability of iron core and 1 dimensional field

Applying Ampereds |l aw to simplified model

‘OPa U O (3.7)
Assumingpermeability of iron core igfinite, and the magnetic flux density is constant around
the path, equatio(8.7) can be simplified to:
O wb LV (3.8

Rearranging3.8) for 'O w and multiplying the equation By to obtain flux density yields
the following expression:

5 & ‘0o (3.9)

This equation clearly illustrates that the flux density will increase linearly from slot bottom to

the top of the slot moreover is independent of slot width for a given culeasiy.

3.1.4Radial flux in the slot

This flux density produced by the rotor magnets is largely oriented in the radial direction in the

airgap and hence in the slot area impinges on the conductors in a radial direction as shown in

the cartesian approximation Figure 3.9 where the yaxis is an approximation tine radial
direction The resultingcirculating eddy current flows in the direction shown. When a

rectangular cotuctor with widthQ ¢ thickness='Q and infinite length in axial direction
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is subjected to an alternating field in thaxis (shown in figure), theddy current lossan be

calculated fronj62]:

Qs 0 B1D

Note that this equation does not take eddy current reaction fielchaatmunt. Where Qs

frequency 0 is flux density amplitude inside the wire wheddy current effects on the

field are not considered. While for equation@f it can be determined from:

q SS9 - B1)
®

Where®@represents half conductor width ands conductivity. The cefficient™@ can be

determined by:
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Where, is the ratio of rectangular wire thickness over skin depth with a form of:

&
= (31 B

Wherg is skin depth that can be calculated fr{#6). By assuming conductor half width is
less than the skin depth, tliecan be assumed to bel@2] and thus(3.10) can be further

simplified:

"
@

5 0 (31 ¥

n
Note that the equati(3.14) can also be used for calculating eddy current losses generated by
crossslot leakage flux by replacin@ ando with' Q and6 . As can be seen from
(3.14), the proximity loss generated by rotor permanent magnet (or-slaideakage flux) is
proportional to square of conductor widthesquare omagnitude of thux density in normal
direction and square of frequency. As is shown in Rigure 3.9, the eddy current path
generated by rotor PM effect is in ZX plane. To reduce this type of eddy currerddoss,
form of segmentation on Z axis or X axsuld be required, Ut the Z direction corresponds

to the direction of normal current flowhich mean®nly segmentation of X axis is feasible.

3.1.5Modelling of eddy currents in solid bar conductors

The key factor inquantifying AC loss effects and iassessing théenefitsof different
mitigation strategies is to have confidence in the eddy current simulations. Although finite
element methods and commercial packages aredse#lloped and have been shown to be
capableof high levels of accuracy when appropriately applied, it is important to recognise that
mesh quality is an important factor in determining accuracy. This is particular the case in eddy
current problems since skin effect can result in very rapid spataales in field and induced
currentdensity The field gradient®ver the crossection of the conductdend to be larger
thanin corresponding magnegiatic models whichmears that fine discretisation near the

conductor surface is essential.

Localised nesh densities with a finite element model of an electrical machine dienéfiner
meshingin regions of high field gradient. This inevitably results for example in large
differences between the mesh discretisatiose tathe airgap and in the statare back iron.

The research reported in this thesis is focussed on AC winding losses and therefore particular
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attentionwaspaid to the meshing of the stator winding regiorgod®dmesh should be able to

have the least number of mesh elemeatminimisecomputational efforts but alsteliver
sufficiently accurate predictions. The balance between number of mesh elements and accuracy
of results is important for machine level simwat especially 3D models.

In most regions of the electrical machine, triangular elements proveldest means of
representing the mixture of curves and straight lines which define the geometry of the various
machine componentblowever, the nature of egaturrents within a conductor tend to favour
elements which can represent the skin and layer type behaviour and hence rectangular element
which sec a | Mmapped meshilg i s recogni sed as beprollgn t he
domains in which a singleugace is exposed to the source of excitatiograamledmeshing
strategy in which the element size reduces as the surface is aguardaditen used-igure

3.10 shows a uniform mesh and a graded mesh, both of which cosgaieral hundreds of
rectangularlements Since the conductors in slots are subjected to fields from all directions
and meshes graded in two orthogonal directions are not straightforward to impleme
uniform mesh approach was adopted.

@Uni form meshi (b) Gr aded meshir

Figure 3.10 lllustration of different meshing strategies for conductor regions

In order to establislthe sensitivity of predicted eddy currents ddferent levels of mesh
discretisationa series of simulations was performed fairayle isolated conductor model and

1x4 arrayof conductos, in both cases with tle®nductors surrounded by aifhe mesh density

was systemically varteacross a range and the eddy current loss calculated for each case.
Figure 3.11 shows one typical mesh, in this case with 30 elements across the width of the
conductor and 8 elements across liegght of the conductor. In this particular model, the
dimensionsare those of the conductors in the reference machine design of chapeey 2,

8.94mm?3 6.55mm. The FLUX package includes a feature that assesses the quality of the
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individual elements. For rectangular elements this is not as significant as triaglgalants,

but it is still a useful measure to keep an eye on.

Mesh line ‘conductor width’

| surface elements :

1 Ihamber of elements not evaluated o

1 Iumber of excellent cquality elements : §

1 Number of good quality elements : 0.1 0%
1 Mumber of average cquality elements 0

: lumber of poor ¢quality elements 1]

Mesh line ‘conductor height’

Figure 3.11 Mesh plot of single conductor with 38 mapped mesh

To find some equivalent mesh settings that generates fewer number of mesh elensgilits but
gives resultshat are insensitivat the same time, theimbes of segmentalong thewidth and
heightdirectionwereprogressivelyncreasedor single conductor model and 1x4 array model

The resulting variation in the predicted loss for variousmagrangements are shownriiable

3.4. As can be seen from the results, there is no appreciable difference in predicted loss for
meshes 015 9 and aboveAlthough this does not guarantee tagdarticular mesh density will

be adequate in the more complicated circumstances of an electric machine, it nevertheless

provides some useful guidanioe meshing of electrical machine models.

Table3.4 Evaluation of mesh quality olosses in £1 and 154 conductor arrg at 300Hz with 100Arms injected current

Mesh setting wifLoss in Loss34in

(width déddmn&mtes|si ngle clconducto

segment s) (w) (W)
53 3.151 14. 9314
106 3.151 14.293
1 %9 3.151 14.931
2912 3.151 14.931
29015 3.151 14.931
3918 3.151 14.931
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3.1.6Sources of AC losses machines

Thetime-steppednodelof the reference design from chafevassolvedfor bothopencircuit
conditions (.e., zero stator current) and a case with stator currents only bpemeanent
magnetexcitation, in both cases at the rated maximum speed of 6,00@rgm.first instance,
the crosssection of the8.94nm?3 6.55mm series turn was made upao$ingle bar conductor.
The opercircuit simulation provides a meansisblatingthe effect of the incident field in the
conductors which comes from the permanent magnet excitatothd-case oéxcitation with
full rated currenpnly (in which the mgnets were set the have a relative permealafity.0
and no magnetisatiprihis provides an indication of the contribution to the overall winding
loss from thestator winding The predictedAC winding losses (note that for open circuit
condition, all thdosses are generated by rotor PM flog) open circuit, armaturexcitation
only anda conventionabn loadsimulation are shown ifable3.5. For comparison, the quasi
static conductor loss at the rated torque operating point i2@h#V.

Table3.5 Finite element predicted windirigss for the reference design fgpen circuit, armature only and on load

conditionswith 120 sampling points over 1 electrical cycle

Open circuArmature o| On |l oad AQ(
Baseline m 1,4 29 17,73 W 201w

This seriesof simulationsverecarriedusingFlux-2D with same mesh settinf@ eachsolving
andwith 120time-stepsspanning one electrical cycl&s can be seen from tii@ble3.5, the

sum of open circuit AC loss and armature only AC lossss tha the onloadcaseThe open
circuit contribution from thg@germanent magneixcitation only accounts for less than 10% of
total losses. Thisuggest that the majority of tipermanent magnet flux, at least under epen
circuit conditions, passes through the stator core with relatively little fringing flux entering into
the stator slot regiorThis is supported by the flux plots showrFigure3.12 for opencircuit
conditions.The equivalent vector potential plot for armature only condition is provided i
Figure3.13.
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Figure 3.13 Flux lines plot (vector potential plot in 2D context) of baseline model at armature only condition

As can be seen frorfrigure 3.13, the number of assslot leakage flux lines that link
conductors isnuchhigher, which in turn generates high level of AC lossethe windingsas

shown previouslyn Table3.5. The flux plotfor the corresponding normal rated load condition
(which include permanent magnet excitation and rated cuyliergBown inFigure3.14. It is
important to recognisiat each flux plot is scaled into 20 increments relative to the maximum
value of vector potential in the problem domain and hence the magnitudes of fluxes across the

three simulations cannot be directly compared.
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Figure 3.14 Flux lines plot (vector potential plot in 2D context) of baseline model on load condition

It can be concluded frorthis series of calculated losses dhdk plots that most of the
conductor AC Igses are generated by crshst leakage flux while mmuch smaller contribution

is fromthePM flux. To investigate the field distributions and their impact on the &ssries

of 17 sensor test points were placed in FLUX2D finite element model alamgia the radial
direction of slot 1 to capture the variation of magnetic flux density. The detailed locations of
sensors are shown in theggure3.15, with the numbering convention starting at 1 at the front

of the slot.

Figure 3.15 Detailed location of sensors in slot 1 for evaluation of flux density variation from slot bottom to slot opening

Figure3.16 shows the variation over one cycle of the magnitude of the flux density at each of
the 17 sensor locationsAs would be expected from trearlier analytical modekhe flux
density variation s much greater at the front of the sl@ince the eddy current loss is

proportional to square of rate of change of flux density then this spread in flux densities
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demonstrates that not only is the mteexcessive with this conductor arrangement, but it is
also highly concentrated in the conductors at the front of the slot. In this particular case, the
total loss of frorimost conductoper slot is2221W and backmost conductor 18NV. It is also

worth noting that the openircuit loss is very concentrated in the front conductor as this is the
most exposed to permanent magnet flux entering through the slot opening. From the open

circuit simulation 96% of the total winding loss is concentrated in thetfieonductors.
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Figure 3.16 Variation in flux density at 17 sensor locations in a stator coil

3.2 Methods to mitigate AC losses

Different types ofosscomponerg in bar conductor and titerresponding AC loss mitigation
techniques are summarized in figure3.17 below. Note that this diagram only contaitie
some of thenethoddor reducing AC loses For detailed information, they will be introduced

in thefollowing sections.
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7
Loss mechanisms in
solid bar conductors

- 1

N
[ DC loss [ AC loss ]
J

AC loss mitigation techniques

Eddy current loss Proximity loss caused Proximity loss caused Eddy current |°5_5
caused by skin effect by cross-slot leakage by rotor PM flux caused by circulating
flux current
Move conductor towards slot bottom,
Choose half conductor Use of magnetic wedge/tape Paralleling in Transposition (in slot
height < skin depth Paralleling in radial direction circumferential direction or end-winding)

Adoption of aluminium conductor, etc

Figure 3.17 The loss mechanisms and corresponding AC loss mitigation techniques

3.2.1Locating conductors further back in the slot

Theconcentration of AC loss itlhe frontmost conductosuggests that some benefits could be
achieved bymoving the frontconductor away fronslot opeing and filling the gap created

with non-magnetic supporting materials betweeain slotwedgeat the airga@ndthe front
conductors. Thiss likely to be effective in terms of reducing the flux from the rotor magnets
but not necessarily in tesof the crosslot leakage flux from the stator winding itself since
this is related to width of the totabnductorand the totaRmpere turnsn the slot as shown in
equatia (3.9). For machines equipped with bar conductor and matched parallel rectangular
slot, the slots are tightly packbénce moving the front condtor further awy from the airgap
requires either a change ihe dimensions othe individual condctors or a corresponding

increase in the slot depth.

To accommodate such a movtke stator outer diameter needs to be incressed to allow a
deeperslot without compromising the stator back irf@8]. Hence, there will be a significant
mass penalty since the mass of stegor core increases with the square of the outer diameter.
Despite this penaltyit is still useful to evaluate the impact of distance between slot opening
and frontmost conductor othe AC losses.

To allow forsystematic variation afistance betweeimontconductor and sldheopening the

dimensionsD1 defined inFigure 3.18 was introducedThe dimensionsD1 was set as a
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parameter in the variowsguations which define the slot geometry in FLUX&Rd hence it
could be automatically varidd undertake a sensitivity study.

Figure 3.18 Parameter D1 which defines the distance between slot openinfgostanost conductors

A series of finite element simulations were performed idthvaried betweerd.2mm to
1.6mmin 0.2mm incremerst The individual conductors remained fixed at 8.94n55mm

and the separating between conductors was é@pstant at 0.2mm. All these simulations
involved the machine operating at rated torque of 557Nm at 6,00@ymummary of the
resultsis shownin the Table3.6. It is worth noting that since the conductors remain the same
size throughout this series of simulations, the gataic loss against which the total loss at
6000rpm can be compared remained fixed 422

Table3.6 Impact of slot opening clearanee baseline model

D1 ( mm) Total | ogLoss red
(w)

0.2 22522 -

0. 4 22311 211

0.6 22110 201

0.8 21919 191

1.0 21735 1814

1.2 21558 177

1.4 21390 168

1.6 21233 157

As can be seen froffable3.6, moving conductors away from slot opentmgs soméenefis

in terms ofreducingthe coppetossese.g. the moving catuctors towards the back of the slot
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by 1mm reduces the loss by 1000W without the need to change machine geWfitlinythe

same stator core with the same slot depth, another option is to reduadighd&eightof the
individual conductors thus reducing the packing factor. Maintaining the same overall slot
Ampereturns with smaller conductors will inevitably result in higher cusaaiic losses but

the savings in AC loss may result in lower overall loss. A s@fisimulations were performed
with the conductorradial heightreducedto from 6.%mm to 5mm as shown iRigure 3.19.

This reduction in the conductor height fre&snim in the slobf the same depth as the baseline
reference desigrio, a series of studies for evaluation the impact of D1 varying from 0.8mm

to 6.4mm with 0.8mm is carried and the results are provided ihiabie3.7 below:

Figure 3.19 Baseline model with reduced conductor height to evaluate the impact of slot opening clearance

Table3.7 Impact of slot opening clearanee baseline model with reduced conductor height

D1 ( mm)] Quasstiat i Total | ¢ Loss re
(W) taking

cl ear an

base(lW)n
0. 8 2900 15888 N/ A
1.6 2900 15160 -728
2.4 2900 14534 -1354
3.2 2900 13990 -1898
4.0 2900 13520 -2368
4. 8 2900 13124 2764
5.6 2900 12790 -3098
6.4 2900 12519 -3369

The impact of slot opening clearanme lossis more significant when the variation range of

D1 is increased. By simply increasing D1 from 0.8mm to 6.4mm, the AC loss is reduced by
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around 3000W without changing anya ¢ h i paranteters. Thimethod is regarded as an
efficient method to reduce AC losses but is limited to the available space between conductors
and slot opening-or the baseline model adopted in this thesis, the rectangular slot is tightly
packed with bar conductors and thus ¢heill be little space to change the relative position of

each conductoiThis means alternative AC loss reduction methods are needed.

3.2.2Evaluation of the effectiveness of magnetic wedges

Slot wedges are components which cloffehe front of the stator sls to restrain the windings

within the slot and provide a degree of protection. Most slot wedges are madensgoetic
material. In smaller machines equipped with random wound Jooifs) the winding is often
contained by thin flexible polyester strighst are pushed into the slot and which are sufficiently
flexible to adapt to the slot geometry. An example of this type of wedge is shdviguire

3.20 (a). These are sometimes called slot caps or slot closures and require no features in the
stator core to locate and hold the wedge. In larger machines, much stiffer glass fibre wedges of
thetype shown irFigure3.20(b) are used. These are machined to a high tolerance and precisely
fit into a corresponding groove in the stator core. These grooves stdatoe tooth cause

localised saturation and increased iron loss density.

@ Typical flexible p (b) Ri gi df ghras ss| ot [ &)d
Figure 3.20 Examples of different types of slot wedges

In some cases, slotedges can be made using magnetic powder in combination with resin and
reinforcing fibres.This type of wedge is often referred to as sempnetic wedge or a
magnetic composite wedge depemdon the relative permeability. A wedge with a relative
permeability of less than 10 is considered as seagnetic wedge while those with a relative
permeability higher than 10 are referred to as soft magnetic composite @&slge
Conventiomal magnetic wedges have a composition of 70% iron powder, 10% glass fibre and
20% epoxy resin. Incorporating such a high fraction of iron powder compromises the

mechanical strength of wedgg66]. With improvements in material property and
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manufacturing process, modern magnetic wedges can be manufactured by rolling and pressing
of a special blend of epoxy, glass fibre and iron powder withifignt improvements in
mechanical strength. One such modern commercial magnetic slot wedges from SPIndustries is

shown inFigure3.21.

Figure 3.21 Closeup of magnetic wedges manufactured by SPIndugstsce: SPIndustries)

The deployment of magnetic wedge was first seen in induction ma¢éifjg8][69] and have

been progressively adopted in other types of machinasding permanent magnet machine

[65] [70] [71]. With careful design and optimisation of magnetic wedges, the conductor loss
can be reduced. Loss reduction dueht adoption of magnetic wedge has only reported in
largescale induction maching¢88]. For small and medium sized electrical machines of other
topologies the induced eddy current losses in conductors tends to increase because the flux
density near fronmost conductor is much higher than the case ofmagnetic wedge. One
potential benefit of magnetic wedge is to guide flux generated by the rotor PMrawethe

slot and towards stator tooth and hence reduced the open circuit loss.

Another interesting feature of magnetic wedge is its ability of reducing pulsations of airgap
flux density and thus give smoother output torque. However, one major drawbagcfines
equipped with magnetic wedge is that the averaged outputeteaisually lower than the
models with normagnetic wedge. This is because the use of magnetic wedge introduces a low
reluctance path near slot opening region, resulting in morg#seging through wedge region

and thus increases slot leakage inductance and reduction on starting torque.
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To obtain a comprehensive understanding about the impact of magnetic wedge/ soft magnetic
composite on the reference machine design in this thesgsies of finite element analysis was

carried out for three different types of magnetic wedges:

A Linear magnetic wedges with pdefined permeability less than 10

A Commercial magnetic wedges with nlimear B-H curve and a relative permeability of
less tharl0

A Soft magnetic composite wedges with flimear B-H curve

The magnetic material properties of magnetic wedges and their correspordingrizes are
provided in theTable3.8 and Figure3.22 andFigure3.23.

Table3.8 Material properties of notinear magnetic wedge and soft magnetic composite wedge

I nitial p Saturati

magnetiya

MWI1[ 6 7 ] 6.51 0.98
MW2[ 6 7 ] 5.24 054
LFILE5 29. 14 1.12
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Figure 3.22 B-H curves of seminagnetic wedge MW1 and MW2
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Figure 3.23 B-H curves of soft magnetic wedge LF1

The idealised linear slot wedges were assigned 6 different linear relative permeabilities,
specifically6 = 2,3,5,7,8 and 10. As can be observed from the diagrams, the initial

permeability of semmagnetic wedgenaerialsMW1 and MW?2 are less than 10.

Having designed the leading dimensions of baseline models, there is very limited scope to
modify the shape of wedge and thus the default wedge shape of baseline model was maintained.
Although changing the thicknesstbie slot wedge have been proven to be beneficial for loss
reduction in induction maching88], this process will not be considered here because the slot

is tightly packed with a high packing factor with no spacdudherincreasing wedge height.

There are otheconceps in terms of using magnetic wedge in electrical machines, such as
implementing magnetic wedge with opening in the miitié or wedge consisting of different
materials[65]. Adopting a wedgevith different composition will inevitably introduces extra
complexity and potentially higher cost and thus is not considered in the following seEhiens.
wedge shape used in baseline model is trapezoidal due to adoption-ofassdislot geometry

and a zomedin view is shown irFigure3.24.
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Slot opening (air)

Trapezoidal shape
of wedge

Figure 3.24 Wedge shape of baseline model with zoemedew

A series of machine simulations were performed with both the linear anlthean magnetic

wedgesThe losses of conductors calculated are shown ifidbée3.9 andTable3.10 below:

Table3.9 Loss and torque information for baseline model equipped with linear magnetic wedge

‘ Total || Torque |l nduce
current
magnet

No-magne 22016 550 851
wedge

2 22447 540 732

3 22646 532 657

5 22822 5109 566

7 22856 5009 496

8 22845 505 464

10 22803 497 410

Table3.10 Loss and torque information for baseline model equipped witHinear magnetic and SMC wedge

‘ Tot al | Torque| Magnet
(W)
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No-magnet 22016 550 851
wedge
MW1 22561 535 708
MW2 22327 543 786
LF1 22556 534 679

As can be seen from the tables above, the incorporation of magnetic wedge tends to increase
onload winding loss. This is because the extra permeabitityduced by magnetic materials

will create a low reluctance path across slot and thus guide the flux from air gap to wedge and
then to stator tooth. The localised flux concentration will cause the flux density near airgap
region to increase and thus geate more losses in fromtost conductors. As would be
expected the designs equipped with a magnetic wedge tend to give a slightly reduced torque.

The incorporation of a magnetic wedge will guide more PM flux into stator tooth and thus
reduce the openircuit conductor loss as evidenced bgble 3.11. On the other hand, the
presence of magnetic wedge tends to cause more PM leakage flux and thus cause reduction on

amplitude of baclemf and hence the reduction on torque,FHgare3.25.

Table3.11PM flux induced conductor loss at open circuit condition

‘ PM flux iinducerddWonts
Basel model 1265

2 1303

3 1222

5 1057

7 920

8

1

862
0 763
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Figure 3.25 PM leakage flux caused by magnetic wellty§2

As can be observed froffable3.11, almost all the magnetic wedges have the potentials to
reduce PM flux induced eddy current loss. Although the open circuit eddy current loss can be
reduced with a magnetic wedge, the increafseddy current loss in fromhost conductor at

rated operating point outweighs the decrease on-opemt eddy current loss and thus lead to
overall loss increase. Thector potential ploin Figure3.25 represent a schematic flux path

from which is it evident that the use of magnetic wedge results in increased leakage of PM flux.

To further evaluate t he i nfpormande, avdrianiwmétidegtea s h ap

wedge area as shownhigure3.26 below.

Original shape Modified shape

Figure 3.26 Comparison between baselinedge shape and modified wedge shape (slot wedge regions are red)
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As can be seen froffigure3.26, the slot is now fully enclosed by modified wedges. While for

the yellow region near wedge, it is one layer airgap regionfullyeclosed wedge model with

linear magnetic wedge was solved at rated on load condition and the result are summarised in
Table3.12.

Table3.12 Loss and torque comparison for models equipped with original wedge shape and modified wedge shape

‘ Total|l Total| Total|l Torqg Torqgq| Torq
(W)-4 (W)-qdi ffe (Nm)-|] (Nm)-|di ffe
origil modi f (W) origil modi ff ( Nm)

basel 2201 2201 0 550 550 0

2 2244 2252 +81 540 536 -4

3 2264, 2285 +210 532 522 -10

5 2282 2311 +290 519 508 11

7 2285 2312 +265 509 497 -12

8 2284, 2310 +260 505 493 12

10 2280, 2307 +271 497 486 11

No benefits are accrued using the modified magnetic wedge shape and indeed the conductor
loss is increased, and taeerage torque is reduced. Based osdfirdings, the original shape

of wedge was used in subsequent analysis.

A set of similar analysis for magnetic wedges was carried out for 2, 3, and 6 parallel path
transposed models. Similar behaviour was obsenidd avslight reduction in torque, slight
increase on winding loss and lower torque ripple. Flux density plots of the machine baseline
model, with slot wedges have linear permeability of 5,10 andlinear MW1 are shown in
Figure3.27 to Figure3.30respectively.
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Figure 3.27 Flux density plot of baseline mode with roxagnetic wedge at t =.01ms
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Figure 3.28 Flux density plot of baseline mode with linear magnetic wedge withv att = 0.11ms

Non-magnetic wedge
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Figure 3.29 Flux density plot of baseline mode with linear magnetic wedge withp mat t = 0.11ms
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Figure 3.30 Flux density plot of baseline mode with Horear magnetic wedge MW1 at t =10s

Non-linear wedge MW1
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Note that the upper and lower scaling of flux density contours are set to be same for the three
different modelgo provide an equitable and consistent comparison. Four measurement sensor
points were incorporated to monitor the magnitude of flux density at the locations as
highlighted by green ifrigure3.27. The flux density magnitudes at t Z1Qns (equivalent to

first transient stepdre showrrable3.13.

Table3.13 FEA calculated flux density magnitude of different positions inside of machine

Fl ux den|Baseline|' = 5 = 10 MW1
Point _1 2.52 2.87 2.96 2.7
Point _2 0.70 2.37 3.46 1.44
Point _3 2.46 2.35 2.25 2.43
Point _4 2.26 2.37 2.4 2.32

The highlighted row iTable3.13represents the flux density magnitudes in slot wedge region.

It is clear that assigning magnetic material to slot wedge will guide more flux through wedge
to stator tooth and thus cause ftiensityto increase. However, the flux density value$atle

3.13 highlight the dangers of assigning linear relative permeabilities to regions even when the
relative permeability are low. The flux density values obtained with relative permeability of 5
and10 are well beyond the saturation flux density of magnetic slot wedges, which highlights
the value of using the ndmear characteristics oFigure 3.22 (MW2) for a realistic
representation of a slot wedge. Although further refinement of the wedge geometry and
material could have been explored, there would have been unlikely to change the main
outcomes that torque ripple and-load conductor AC losses are reducethwnagnetic slot

wedges, but the elmad AC losses will tend to increase.

3.2.3Paralleling of thinner strips to make up then crosssection

The dominant component of flux density generated by armature currents and hence the main
contributor to AC loss in theinding is crossslot leakage fluxFigure3.31 shows a schematic

of the winding (with the core removed to aid clarityijh the crossslotleakagecomponent of

flux density and theesultingeddy currents ¢zlirection is the axial direction of the machine).
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X

Figure 3.31 Diagram illustrating the effect of crosdot leakage flux and the induced eddyrent path

As can be observed froffigure 3.31 reducing conductor height in radial direction (along y
axisin this cartesian representat)omould breakup the eddy current path and hence the loss
induced by crosslot leakage fluxThis can be donby subdividing the originalthick bar
conductors intcseveralstrips and then connect them parallelas shown schematically in
Figure3.32, in this case for 3 parallel strips.
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Figure 3.32 Paralleling of original bar conductor into 3 parall@aths to reduce eddy current path

There are twdactors which need to be taken into account wemalleling of bar conductars
Firstly, paralleling of conductors will lead to reductionpacking factodue to the presence of
extra insulation layeassociated with each additalrstrip. Secondly as discussed previously

in section3.1.3 the fluxlinkage from the stator current tends to increase from the back of the
slot towards the airgap. Given the significant difference in slot posigomeen parallel paths

of the same nominal series turn there will be impedance mismatches between parallel paths.
To ensure that the current is shared equally between the parallebpdtiisat there are no
circulating currentsit is essentiato fully transpose the parallel patimsthe phasen orderto
balance theparallel pathimpedance Transposition involves interchanging the positions
within the slot of each parallel path so that between the points of common connection of the
parallel paths, thela positions are fully evened outhe idea of transposition was first
implemented in large scale turbogenerafd®y[73] and recently has been adopted in medium
power electrical maching82][74]. Based on the position that transposition is achieved, the
transposition strategy can be divided into two categories: thletitransposition (also referred

to as axial transposition) and emghding transposition. In the context ofétot transposition
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strategy, there is relatively more freedom on selection of level of transposition including the
most traditional 360° transpitisn [75][76] and less traditional 288° transpositi@d]. All the
research hasonfirmed that the properdsiot transposition is sufficient to reduce AC winding
losses with the expense of reduced packing factor and additional complexity in terms of
modelling and solving. While for endinding transposition[73][77], the positions of
individual grands are changed at ewihding region and this method is also proved to be
effective to reduce AC winding losses. Except for those twoadgpted transposition strategy,

a novel transpositiostrategywhich implements both the4siot transposition ahendwinding

transposition is proposed 7] and the existing three transposition techniques are compared.

The baseline model selected is a relatively small ma¢horapared to turbo generatovgith

outer diameter around 250mm and 112mm axial length, which manasgi@héransposition

will be un-suitable and thus the endnding transposition strategy is adopt@dother benefit

of endwinding transposition is that the extra space needed for axial transposition is no longer
required, giving the potential of maintamgi the original packing factoihis endwinding
transpositiorprocess can be achieved by systematically changing relative positions of strips in
the interconnects between successive cdilst a given number of stator slots, transposition
imposes a congint on the number of parallel paths into which a series turn can be divided
fully balancedransposition is to be realiseth the case of th86 slot 6pole double layer
winding, the number of slot pairs per phase6i$=36/3/2. Hence the feasible numbenof

parallel paths is 2,8r 6 for full transposition

A series of simulations were performed for windings in which each series turn waivisisiol

into 2,3 and6 parallelpathsis achieved at the expenseaateductionin packing factor de to
additionalenamel layersvhich must be accommodatdd.order to ensure that this important
drawback is factored into the finite elememidels, representativesulation layer thicknesses

were factored into the modelsThe IEC 6031:0-2:2020 standardncludes insulation
specification for rectangular enamelled copper/aluminium wiiee nominal insulation
thickness for Grade 1 and Grade 2 enamelled insulation as set out in section 4.4.1 of this
standard is 0.0425mm and 0.072mm respectiyé8]. Adopting the nominal insulation
thickness for Grade 2 enamel leads to an overall increase in the dimension of conductor of
0.145mm. Conductors which are pressed togrein coil forming may also have some residual
gap. Adopting an effective separation distance of 0.2mm between adjacent conducting
materials provides some allowance fal@arancegap over and above the combined insulation

thickness of 0.145mm. Hence, this study, each additional swlvision of the conductor
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crosssection to produce more parallel paths will result in an additional 0.2mm ef non
conducting layes; which in turn progressively causes the effective-fldiactor to diminish.

If successie series turns were alssverwound with an overlapping tape, then a further
allowance in the sléfill would need to be incorporated according to the nominal thickness set
out in [79]. It is worth notingthat thequantity of this additional taped layer of insulation
required is set by the number of turns not the number of parallel strands. In conclusion, the
enamel thickness of single stripdisfined to b&®.10mm foreachsurfacewhile for thethickness

of polyester glass fibre tape of single tuihjs 008mm for each sideAs for the other
parameters needs to be definte slot liner isset at0.2mm, turn to turn distance sgtto be
0.36mm to account fawo layers of insulationand one layer gfolyester tape, and the distance
between frontmost turn and slot opening is defined to be 0.5/he detailedslot geometry

of baselineeference desigwithout paralleling isshowin Figure 3.33 while thegeometryof

2, 3 and 6 parallel pathariants are showin Figure3.34.

Figure 3.33 Detailed slot view fobaseline model accouing for slot liner, enamel insulation and polyester tape
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2 parallel paths 3 parallel paths 6 parallel paths

Figure 3.34 Detailed slot view of 2, 3 and 6 parallel path model

It is worth noting that the more rigorous definition of insulation thicknessdiséigtion results

in a small change in conductor position when applied to the basekigndahich in turn
results in a small change in the overall loss for the baseline design compared to earlier
simulations in this thesis. These improved definitions of slot insulation were maintaineal for th

remainder of the research reported in thess.

In order to represent thmarallelingof conductorsthe correspondingonnectionsieed to be
applied toexternalelectrical circuitwhich is coupled to the finite element madgy way of
example,for the case of two parallel paths (designated as A and B) and 4 series turns
(designated as-4) themachine levebeometryview andthe associated electrical circuit are
shownin Figure3.35 andFigure3.36 respectivelyThis 60 model in which only two slots are
represented in the circuit doestrinclude any transposition and hence would not be the
preferred practical arrangement. However, it is nevertheless a useful simulation in terms of

illustrating the importancef transposition.
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Figure 3.35 Geometrical view of 2 parallel path model with labelling

This nontransposegarallelingstrategy wasipplied to 2, &nd 6 parallel pathariants. Table

3.14 shows he effective packing factors and predicted losses for a speed of 6,000rpm at rated

torque.

Figure 3.36 Electrical circuit of 2 parallel path model

Table3.14 Predicted lossefor different parallel pathsvith no transposition

Packing| Quasstiat . Tot al I

(W)
Baseline 0.79 2214 22016
2 parall 0.77 2284 19570
3 papath 0.75 2358 18695
6 parall 0.67 2613 17712
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