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ABSTRACT
This thesis describes an-@epth series of investigations into electromagnetic and
thermal bé&aviour of a brushless permanenagnet electrical generator and
technologies that would provide additional power density. It has a particular focus on
a 50kW generator operatingt speeds upo 17,000rpm which is coupled to an
uncontrolled diode rectifief o r DC power generation for
Royce model 250 turbine engine. To be competitive for this application, an active

power density target of 15kW/kg was set.

An electromagnetic design study has been carried out orskbtl 2 Gpole surfae
mounted permanent magnet topology. The design is optimised in order to maximise
output power at the uncontrolled rectifier terminals and to limit the current density to

a thermally sustainable level, ultimately operating near its electromagnetic limit.

Having established a baseline design, a prototype generator was constructed and
tested both in its normal operating mode of power generation and statically using DC

currents for precise thermal characterisation of the cooling strategy. The scope to
further increase the power density is explored drawing on analysis of several novel

features: additively manufactured coils, aluminium winding design variant, and

current waveform optimisation



ACKNOWLEDGEMENT
I would like to express my sincere gratitude to f@ssor Geraint Jewell for his
invaluable supervision, support and guidance throughout the entirety of this research

work and the publishing of this thesis.

I would like to thank the EPSRC and ReReyce forthe award of a Dorothy
Hodgki nds P oadtlgvould dlsodike o thank the staff at ReReyce

EPACS and SRC, patrticularly Ellis Chong for his enthusiasm and support.

Many thanks are also due to the technical staff in the Electrical and Machines and
Drives Group for their assistance in consting the prototype generator and test rig.
To my colleagues in the RolRoyce University Technology Centre and the wider
EMD group, who provided a great working environment and good humour, thank

you.

Lastly, | would like to thank my fathetshmael Shdte, for paving the waymy
wife, Abigail, for herencouragemenimy family and friends for their support atige

good times tloughout the course of this PhD



TABLE OF CONTENTS

The University of Sheffield ..o, i
ADSTIACT e i
ACKNOWIEAGEMENT ... e e e e e e e e e aeanes i
Table Of CONtENTS ... \Y
LISt Of FIQUIES e IX
NOMENCIATUIE ..o XViii
Chapter 1 IntrodUCtiON ......oooiiiiii e 1

11 The O6émore el.ec.t.ur.i.c..ai.r.cr.af.t.o.... 1

1.2 High performance electrical machinges.........cccccoeeeeiiiiiecciiiiiee e 4

1.3 Summary Of theSiS SCOPE......uuuiiiiiiiiiiiiiii e 9

Chapter 2 Electromagnetic design of 50kW low pressure shaft

generator for an unmanned aerial vehicle...........ccccociiiiiiie 11
722080 R [ 1 0 Yo [T 1 [0 o 11
2.1.1 Air-Cooled 50kW low pressa shaft generator....................c.c....... 13

2.1.2 Design Specifications of the Liguitboled 50kW LP shaft generafid

2.2  Stator electromagnetic optimisation of 50kW Licxeiobled Generator..18

2.2.1 Calculation of key generator parameters.............cooeeeeveeeeeeeeeennn 22
2.2.2 Stator geometry design optimisation..............coooeiecieeene v 26
2.2.3 Selection of Slepitch to toothpitch ratia..............ccoovviiiiiiieeen. 29
2.2.4  Selection of number of turns and axial length........................ccee. 31



2.3 Rotor magnet containment stress analySiS........cccoeeeeeiiiieeceiiieene e, 34
2.4 Rotor magnet eddgurrent losses & Magnet segnmaton..................... 38

2.5 Steady state analysis of the optimised design at the 50kW operating5oint

2.5.1 2D Finite Element Simulated performance characteristics........46
2.5.2 Electrical Losses at 50kW Operating Point..............ccccoeeevvemnnns 51
2.53 Mass of active components and power density............ccceeeeeeeuens 53
2.6  Selection of cooliNg Strategy.........covvviiiiiiiiiiir e eeeeed 54
2.6.1 SpirakJacket COOlNG.........ccccuuiiiiiiiiiiieee e 55
2.6.2  FIOO0Ed StAQL......ccoiiiiiiiiiieeeeeee e rmmee e 60
2.7 CONCIUSION. ...ceiiiiiiiieie et eeet e e e e e e et e e e e e b e e e e e e amee 63

Chapter 3 Construction, Testing and Analysis of Prototype Generator 64

0 A | 11 {0 To [T 1[0 ] ISP P PP P PP 64
3.2 ROtOr CONSITUCTION ......uuiiiiiiiiiiiiiiieee ettt ettt e e e e e e e e e 64
3.3 Stator CONSIIUCTION.......ciiiiiiiiiee e iieeei e me e 69
3.4  Flood cooling design..............uuuuiiiiiiiiceeeeireee e eeesinne el 3
3.5 Experimental testing of the prototype generatar................ccccovveeee.. . 77
3.5.1 Measurement of machine parameters............cccceevvvveeeevvvvveeeennndd 1
3.5.2 Experimental Ndoad back emftest.........ccccovvviiiiiiccciieeeeiiinns 80
3.5.3 On-Load testing with diode bridge rectifier..........ccccccvviiiiiieaeennn. 38
3.6 Thermal monitoring during tdsig and AnalysiS............ccccvvviiiieevieeenn. 91
3.6.1 Thermal steadgtate test resultS...........ccoevviiiiiiiieeen e 95



3.6.2 Prediction of coil temperatures at high current densities......... 101

Chapter 4 Thermal Characterisation of stator flood cooling method.. 102

4.1 INEFOTUCTION. .....eiiiiieeeiiit e emee et e e e e 102
4.2 Estimation of winding temperates using MOtotCAD ...........ccoeeeeeeeee. 106
4.3 Thermal testing using DC excitation...............covvvvvvvieemeeeeeeeeeeeeeiiinn, 110
4.4  Experimantal reSUlLS.........coooiiiiiiiiiieeee e 113
4.5 Comparison of experimental and predicted temperatures.............. 117
4.6 CONCIUSIONS. ...ceiiiiiiiiiiiee e 119

Chapter 5 Comparative analysis of Copper and Aluminum Windings for

high power density electrical machines ...........cccoeevviiiiiiiiiiie e, 120
ST/ R [ 011 {0 o [ Tox 1 o] o N PP PP PPPPPPP 120
5.2  Aluminum and Copper CONAUCTOLS..........ueviiiiiiiiiiiieeniieieiiee e 120

5.2.1 Oxidation of Aluminium CoNAUCLOrS.............euuriimieeiiieecriiiieeeeee. 122
5.3 Machine design options using aluminum windings.............cccccce..... 122

5.3.1 Al design with increased axial length to maintain equivalent mh24
5.4 Performance of aluminum versus copper winding design............... 126
5.5 CONCIUSIONS....coiiiiiieiiiiii ettt eeens e eeeaeaaeeeas 129

Chapter 6 Novel coil winding methodology using additive

MANUTACTUFNIIIG .ottt eneneeee 130
6.1 INtrOAUCTION.....ciiiieiiieiie i eree bbbt e e e e e e e eas 130
6.2 Novd colil features enabled by additive manufacturing.................... 131
6.3  Additive manufacturing ProCeSS........coeviiviiiiiiiiiieeeiie e e e 138

Vi



6.3.1 Copper POWAEr PrOPEItIES......uuuuueuiiiaee e e eeeeiiiar e e e e e e e eeeens 138

6.3.2 EBM machine specifications................ccccuuvvimmmnniiiiiiiiiiiiieeee 139
6.3.3 Procedure fooptimising process parameters............ccccceeeeeseee. 140
6.3.4 Build temperature conditions...............coovvvviviimemeeeeereeeees 143
6.3.5 Preheat CoONAItIONS...........ccvviiiiiiiieeeeee e 144
6.3.6  Melting CONAItIONS........ccoiiiiiiiiiiiie e ee e 145
6.3.7  TrHaAl rESUIS........uuiiiiiiiiiiiii e 146
6.3.8 Conclusions of the Additive manufacturing process................. 155
6.4 AC losses in additive manufactured COIlS...........ccccveeeiiiiemniiiineneen. 155
6.5 Packing Factor in Additive Manufactured Coils...............coovvvvvieeen.. 168
6.5.1 Reference Coil DeSIGN........ccccuuiiiiiiiiiiiieeeiiiiiie e e 168
6.5.2  Minimum COIl rEqQUIEMENTS........covviiiiiiiiiiiiii e 169
6.6 CONCIUSION. ...ttt ettt e e e e e e e e e e e 171

Chapter 7 Current waveform optimisation for enhancing power density

T. 1 INTrOTUCHION. ... e e 172

7.2 Predicted performance of the demonstrator design with a fully controller

converter and SiNUSOIdal CUIMTENL............uuviiiiiiiiieeeiiiiiiiieeeee e 172
7.3  Operation with arbitrary controlled waveforms.............cccccccvvvvieennnee. 173
7.3.1 Optimisation AlgOrithM.........ccoooriiiiiiiii e 174
7.4 OptimiSation STUIES..........ooiiiiiiiitreer e eeenee e 176
7.4.1 Verification of the optimisation algorithm................cccceeiiiieeen. 176

vii



7.5 Optimisation of current waveform for the demonstrator design....... 177

7.6 Interior Permanent Magnet MagBs.................iiiiiiiiiecevvnvinninnnnnnn 179
7.6.1 Rotor geometry and torque productian.............cc.cevvvvvieemeeeneennn. 179
7.6.2 Reference IPM desSign............ooovviiiiiiiiireeeeeeieiiere e eeeeee 181

7.7 Single phase OptMBBION.............uvuuiiiiiiee e e e e aeeeee s 182
7.7.1 Torque precharacteriSation............cccouveeeeiiiiieaciieeeeeee e 182

7.8 Three phase optimiSatiQn.............uvviiiiiiiiieeeiiiiiiieeee e 190
7.8.2 Optimisation algorithm..............ceeiiiiiiiiieen e, 191

Chapter 8 General CoONCIUSION.....cccceceiiiiiiiiici e 198

8.1 Scope for future WOrK............oooiiiiiiiiiieeee e 201
RETEIENCES. ..o 202
Appendix A: Constructing PrototyPe ... 206
Appendix B: Prototype TeStiNg .....ccoovviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 214
Appendix C: Current optimisSation.........cccoeeeeeiiiiiiiiiiiie e 215

viii



LI ST OF FI GURES
Figure 1 MEA programmes over the years.[3]..........cooooiiiiiimmmnniie 2

Figure 2 CAD drawing of gas turbine engine with electrical components to be

QY C=To = 1e=To [ G PO PPPPP PP PPPPPPP 3
Figure 3 RollsRoyce Model 250 ENGINe...........ooooiiiiiiiiimmen e 8
Figure 4 Demonstration system architeCiure ... 9.

Figure 5 Typical application of the RolRoyce Model 250 enginé UAV

helicopter [SoUrc@ ROIISROYCE].......coviiiiiiiiiiiii e 9
Figure 6 System arChite@CIUIE............uuiiiiiiiiii e 12
Figure 7 Predicted IV curve of the-@ooled LP generator.........ccccccvvveveeeeiinnne. 14
Figure 8 Crossection through aicooled LP shaft generator FE model........... 15
Figure 9 Preliminary FE model of esboled LP shaft generatar...................... 17
Figure 10 FE model coupled with diode bridge rectifier citCuit..................... 20
Figure 11 PM ahgap flux densy distribution for various magnet height.......... 21

Figure 12 Uncontrolled rectifier output voltage versus current characteristics of

initial stator geometry design (as detailed in Table 3) at 17,000.rpm............. 22
Figure 13/ 3D FEA predicted inductance for varying axial length.................. 24
Figure 14 Comparison of the BH curves of soft magnetic material................ 25

Figure 15 BH curve of Vacom&3?5 grade samarium cobahagnets $ource:
VaCUUMSCNMEIZEY... ..o e e e 26
Figure 16 Stator geometry diMenSIONS. ..........uuveeiieiiiiieeeiiiiieeieeeeeeeeeeeeeee s e 27
Figure 171 The variation in current density with tooth width of the designs listed in
TADIE 4. 28
Figure 18 IV characteristics for designs on varying stator geometricseosens at

17000 RPM ...t e e e s 29



Figure 19 Uncontrolled rectifier output IV Characteristics at 17000 RPM with
various slot to tooth PItCh ratios............oooeiiiiiiiiiic e 30

Figure 20 1V Curves analysing the effects of the number of turns and axial length on
the output power at 17000 FQIM.......uuuuuiiiiiiiiee e e e e e e s e e eeeeeas 33

Figure 21: Finite element tress distribution in the regions of the abtbr000rpm
(Rotor temperature of 120; carbon fibre thickness of 2mm; 450MPa compressive
Stress at StaANASTILL).......oooeeeee e 36

Figure 22 Variation in localised peak stress on carbon fibre containment as a
function of containment thickise (Temperature of 120°C and speed 17000rpm with
a precompression 0f 450MPA)..........coooiiiiiiiiieeee e 36

Figure 23 Variation in electromagnetic performance as a function of airgap3&ngth
Figure 24 The magnet eddyrrent losses of a single segment per pole of design 4
at the rated S50KW at 17,000 FPIL....eeeiiiiiiee e ceeeeeee e e e e e ernnne e e e e eeeees 41

Figure 25 Magnet eddgurrent losses as a function of current density at 17000 rpm

Figure 26 Instantaous snapshot of the eddyrrent distribution in a magnet pole
Of 12 radial SEOMENTS.....cooiiiiiiiie et rrrr e eeeesb bbb ereeeeeaeeeean 43

Figure 27 Instantaneous snapshot of the exuoigent distribution in a magnet pole

OF 24 SEOMENIS....ci i e e e e e aeere e e 44
Figure 28 Finalised generator CreBSCON. .........couvviiieeeiiiiiiieee e 45
Figure 29 Finite element Noad opercircuit BackEMF at 17,000 rpm............ 47

Figure 30 Phase current at the 50kw, 17000 rpm operating jp@onnected to

(0 [[0 )0 (S (=101 11 (=) AOTR TR TR TR RO URORRTTRTR 48



Figure 33: Iron loss in the stator core at rated operating point of 50kW at 17,000

Figure 34 Iron loss of the stator at 30kW operating point &f af Bhe stator....... 53

Figure 35 Schematiaf Spiral liquidjacket cooling arrangement...................... 56

Figure 36 Temperature for varying flow rate at 50kW operation point........... 58

Figure 37 Simulated temperatures at various regions of the machine at atédoof r
SI/min operating at SOKWL.........oooiiiiiieee e 59

Figure 38 Thermal FEA of the winding operating at 50kW and a flow rate of 5I/min
USING MOTOFCAD ...ttt eeeeae 60

Figure 39 Flooded stator oil cooling arrangement............ccccvvviveeeeveeieeneeeeenn. 61

Figure 40 Radial view of simulated temperatures at various regions of the machine at
a flow rate of 51/min operating at SOKWV..............uuuuiiiiiiiieeniiiiiiiiiie e 62

Figure 41 Axial view of simulated temperatures at various regions of thieimeaat

a flow rate of 51/min operating at SOKWV..............uuuuiiiiiiiieeniiiiiiiiiie e 63

Figure 42 Comparison of core losses using VAC process compared with standard
process (Source: VacuumsChmelZe)..........ooovviiiiiiiiieeciee 65

Figure 43 Comparison of theu density per field strength of the core using the

VAC process and the standard process (Source: Vacuumschmelze)............ 65
Figure 44 Assembly of the hub, epthtes and a temporary shatt.................... 6.7
Figure 45 Rotor core and hub arrangements with magnet pole niches.......... 68
Figure 46 Assembly of the rotor showing segmented magnets.................... 68
Figure 47 Completed FOTOL..........uuuiiiiiiiiiii et 69
FIQUIE 48 ST COMB....uuuiiiiiiiiiiiiiiiie e ettt ettt e e e e e e e e e e e s rmmt e e e e e e e e e e e e e e e e s a e 70
Figure 49 Stator winding pavtay through manufacture.............cccccccvvvvieeee. 72
Figure 50 Location of thermocCoupIes...........ccvvvveiiiiiimni e 73

Xi



Figure 51 Photos of the finished PEEK-@ap SleeVve.........cccooeeeieiiiiiiiicceennnnnn. 74

Figure 52 Crossection of machine assembly..............cccooiiiieeei s 75
Figure 53 Liquidtight electrical feedthrough connectors.............ccccccceeeeeeeeee . 76
Figure 54 Liquidtight thermocouple feedthrough gland.......................cccee. 76
Figure 55 Complete assembly of prototype generator.............cccoccceeeeeeeennn 77

Figure 56 View of interconnections and gpaint of completely wound stator...78

Figure 57 1700V/450A uncontrotlébridge rectifier............cocovviveiiiiicenncinienn 80
Figure 58 Measured lir®-line back EMF at 17,000 rpm...........coovvvviiieiirinann. 81
Figure 59 Simulated and measured-line Back EMF at 17,000 rpm.............. 82

Figure 60 Predited variation in the BaeEMF waveform at varying magnet

remanence at 10195 IPIM......iiiiii e 83
Figure 61 3DFEA simulated baclEMF at 10195 rpm.........ccooecvivveeeiiiccennienee 84
Figure 62 Magnet segmentation with gliree width of 0.3mm.......................... 85

Figure 63 The EMF for varying adhesive thickness between segments compared
with measured EMF waveform over 180 degrees electrical.......................... 86

Figure 64 Photograph of rotor highlighting reduced winltisegments at pole edge

Figure 65 FFT analysis of the measured and simulated emf at 10195.cpm..88
Figure 66 Comparison of the simulated and measukédurve of the machine at
0100 I o] o F PP PP PPPPPPPTRTIN 89
Figure 67 DC current and voltage, phase current anditiaesoltage measurement
at 30kW, 17,000 rpm operating POINt..........ccccuuururrrmmmmmmiiinirriieeeeeeeeeeeeeseeeeees 90

Figure 68 Comparison of simulated and measured winding current at 30k@d 170

Xii



Figure 70 Temperature difference between oil inlet and outlet as a function of flow
rate at a series of rms current densities...........ooooiiiiiiiicme e 96
Figure 71 Maximum coil temperature as a function of flow rate for varying current

densities (maximum taken at highest reading from the 7 thermocouples in the coils)

Figure 72 Measured temperatures witthe machine for TR13 (see Table 14)98

Figure 73 Location of the coils around the Statar.............ccccoeevvvemniciiienneeenn 98

Figure 74 Coil temperature relative to flow rate at 8.9AMM...............c......... 100

Figure 75 Predicted temperature difference of oil inlet and maximum coil as a
function of current density for the prototype maching.............ccccccoevveeeeeeeenn. 101

Figure 76 Liquidcooling arrangement with cooling channels in the slot........ 104

Figure 77 Cooling approach proposed by [31] with channels in alternating teeth and
flooded airgap (yellow regions indicates fluid zONe)........cccceevveeeeiiicececcennnn. 105

Figure 78 Calculated variation in HTC as a function of flow rate foraéfexence

slot with a packing factor of 0.5 (490 conductors of 0.67mm diameter)........ 108

Figure 79 Temperatures across the machine at 1000W of copper loss only and a flow

rate Of L.371/MIN....coieiiiiiiiieee e 110
Figure & DC current SWItChiNg Mg.......oooovriiiiiiiiiiiee e 112
Figure 81 Prototype machine during testing............cccuvvvivimmmriiiiiiiiiieeeeee, 113
Figure 82 Winding temperatures with switching every .10S.............cccccceeeeneee. 114
Figure 83 Verification omeasured oil flow rate............cccoooiviiiiiicce e 117

Figure 84 Proportions of the active mass component of the prototype......124
Figure 85 Simulated CurreMoltage characteristics of the various designs shown in

TADIE 24 e e e ————————————————— 128

Xiii



Figure 86 Model of AM Coils within the active region of a rectangular-sioiform
crosssection (left) and graded cresection (right)..........ccevvvvveeiiiiiiniccseeernnenns 134
Figure 87 Crossection through the active regioham AM coil......................... 135
Figure 88 Example of an emdnding arrangement manufactured by AM....... 138
Figure 89 Arcam S12 EBM UNIL........cccoiiiiiiiiiiiiieeeiiiii e 140
Figure 90 Schematic diagram of the Arcam EBMchine...............cccccceereee 142
Figure 91 Photo of the build area Arcam EBM macfiisdown with copper powder
UIING TMAUS. ..ttt err ettt e e e e e e mnne s 143
Figure 92 Schematic crosection through a component during build showing
melted and artially sintered regions.............oooiiiiiiimeer e 144

Figure 93Typical sample during buitldp showing preheated powder for support and

fUlly Melted regIONS. .....eeiiiiiieeeeee e 145
Figure 94Electron beam scanning parameters..........coooccevvvvimmmnnnneievennnnne 146
Figure 95 (a) Specimen layout on start plate..............ccuvvvvimemniciiiiiiiieeeee, 147

Figure 96 Cube sample | and sample II manufactured using LK an@rCo

Parameters reSPECHIVEIY ..ottt ieee e e e 148
Figure 97 Sampk and sampldl with SF of 15 and 22 respectively............... 149
Figure 98 Dimensions of the serpentine sample (depth of 4.5mm).............. 149
Figure 99 EBM serpentine structure with aldeinating defect....................... 151
Figure 100 Surface cracks developed in test sample.............cccccemeriiiinenes 151

Figure 101 EBM Serpentine sample used for resistivity and conductivity

MEASUIEIMENTS ... i iiieeiii e e e et e e e e e e s e e e e e mmmr e e e e e e e e snn s e e e e e annmeeenne 152
Figure 102 Surface after cutting using EDM..............evviiiiiiiicesiiiiiiiiiiiiieeeenen 153
Figure 103 Surface finish from the EBM Process...........cccoocuvvvveeemveeennnnnne 153

Xiv



Figure 10471 Alternative additively manufactured conductor arrangements (one
single conductor forming each successive turn of the &oifa) horizontal (b)

(7L< (0% | S SSP 160
Figure 105 Finite element predicted coil losses for conductor arrangement shown in
FIGQUIE LO4@. ... e eeeeee e 162

Figure 106 Finite element predicted coil losses (per phase) foruciomd
arrangement shown in Figure 104D............ooce e 163

Figure 107 Representative magnetic flux density distribution demonstrating the
effect of semimagnetic SIOt WEAQES.........uuviiiiiiiiiiiii e 165

Figure 108 Conductor arrangemerithmeach series turn divides into 5 parallel paths

Figure 109 Predicted variation in coil losses with speed for a coil with a single

conductor region per turn and a coil in which the ciesgion of one turn is divided

into 5 parallel paths as defined in Figure 108.............ccccoviiimmmnniiiiiiiinee 167
Figure 110 Coil dIMENSIONS........ccoiiiiiiieree e 169
Figure 111 3D CAD drawing of the COil............cooiiiiiiiien 169

Figure 112 Crossectional view of coiln Figure 111, illustrating copper and

R U] Eo i ToT o £ =To (0] o I S PP PPPPPPPP 170
Figure 113 Packing factor against insulation thickness................ccccoeeeene. 171
Figure 114 Flowchart of the optimisation ProCess............ooooeeviieemreeernennnnnd 175

Figure 115 Optimised current waveforms generated by the optimisation algorithm
for torque look up tables populated from an idealised sinewavedratk......... 177
Figure 116 Optimised current waveform generated for theofyym# machine

described in chapter 2 and.3..........cccuuiiiiiii e 178

XV



Figure 117 Torque waveform for the pure sinusoid and the optimised current at 8
Amm~2when supplied to the demOoNStrataLr................ccceeieemreeieereerecreeneenne, 179
Figure 118 Crossectionof IPM FEA MOdel..........cccooiiiiiiiiiiiiccce 182

Figure 119 Torque waveform for a range of DC currents at a speed of 17,000 rpm

Figure 120 Verification of the spline interpolation prediction........................ 184

Figure 121 Comparison of optimised and sinewave current of the same RMS value
O A PR PEPRR 185

Figure 122 Comparison of torque produced by phase A when excited with a
sinewave current (in phase with ba€kF) and the optinsed current waveform of

the SAME RMS VAIUE........cooeeieiccce et e e e e e e e e 186

Figure 123 Percentage increase in torque produced by the optimised current
waveform for a range of current densSitieS.........ooovvvvviiiiiicccee e 187

Figure 124 Plot of averaderque for varying phase advance angle at current density

Figure 126 Optimised single pdecurrent for a range of current densities.....190

Figure 127 Plot of torque against phéiseurrent using FEA and gridded

Figure 128 Cotour map of the torque produced by interpolation at angle 3392
Figure 129 Optimised current waveform at a current density of 5A{@8%Amg) 193
Figure 130 Torque comparison of the optimigEdyjure 129) and sinewave current

of the same RMS value at a current density of SANABAMS) «.cveevveveereereennnne. 194

XVi



Figure 131 Optimised current waveforms at a current density of 20A(292Ams)

Figure 132Torque comparison using optimised (Figure 131) and sinewave current

(no phase advance) at current density of 20AMP92Ame) ......ccveevvereereeeeeanns 196

XVii



PCU

4 4 ®T <=

—

VCU

Nomencl

Definition
Cross-sectional area
Angle

Flux density

Specific heat capacity
Diameter

Frequency

RMS Current
Quadrature current
Direct current

Winding factor

Proportion of winding in the active region
Proportion of winding that are end-windings

Proportion of winding that are interconnects

Length
Coil Inductance

Axial length

Axial length of copper winding design

mass

Mass of active components that scales with Lax

Mutual inductance
Number of turns
Copper loss
Power loss
Resistance
Torque
Temperature
Time

Volume of copper

XVili

atur e

Unit

Nm

°C



Temperature coefficient of resistance

Density of Aluminium
Density of copper
Resistivity

Flux

Flux linkage

Relative permeability

XiX

K-

Kg/m?

Kg/m?3
Ym
Wb
Wb

H/m



Chapter 1 INTRODUCTION

1.1 THE GMORE ELECTRIC AIRCRAFTO

The many ancillary systems on an aircraft, i.e. those that do not provide the main
propulsion, are usually powered from the main aircraft engine via various
meclanism in the form of either mechanical, hydraulic, pneumatic or electrical
power. Aircraft systems which are driven from electrical power have become
increasingly competitive in terms of functionality, controllability, energy efficiency,
reliability and maintenance costs. This is due to continued advancements in the
reliability and power density of power electronics and electrical machines in recent

years.

With the increased use of electrical systems, the electrical load on aircraft has
increased subgtéally over the years. This is mainly because of the integration of

more electric devices such as; electrical actuators, electrical environmental controls.

In the future, electric fuel and oil pumps and other electrified systems are likely to
emerge. Thisincreasing use of electrical systems has led tothe ad | ed o6 Mo r

Electric Aircr[gftdo (MEA) concept

I n the 196006s a typical | arge aircraft e
whereas a modern large civil aircraft is required to produce in excess of ~250kVA
(from one remaiing healthy engine under engine sbotvn condtions on a twin

engined aircraft such as the Boeing 787).

Industry projections expect further increases in installed electrical generating
capacity in order to meet future aircraft electrical power denjahdt is possible

that this demand will not be met from increasing generators driven from the



accessory gearbox. €hntegration of larger electrical generators onto the main gas

turbine shafts are being investigated.

There have been several laigmale MEA R&D programmes over recent years, as
shown inFigure1l. These programmes have varioatiempted to identify, optimise

and validate innovative electrical aircraft equipmentand systems.

IHPTET
viG I  EeFaEe
VFCFC

DEPMA
projects EABSYS rocess
EPICA ELISA HEAT
LEMAS
Integration
projects

S FPS-_FPG -_FP7 . |

1992 1996 2000 2004 2008 2012

Figure 1 MEA programmes over the years [3]

The Power Optimised Aircraft (POA) technology programme, a consortium of 43
organisations in the aeronautical industry sector in Europe, contributed 100M Euros
to explore technologies for reducing the power consumtion ofpnopulsive
systems [3], including investigating the advantages of novel electrical power
generation systems. Having conducted the engine system validation testhesing
RollssRoyce Trent 500, it was demongwd that each of the conventionally
gearboxdriven systems could be replaced with main engim&ft connected

generatof3].



Figure2 shows the typical electrical components of the POA engine demonstrator .
The POA programme carried out the following series of demonstrations and
experimental testing: Operation of novel electrical congmts (Fuel, oil pumps,
ect.), electric start of the engine using high pressure shaft gjarterator, and the
control of parallelly generated power between the LP and HP generators to maintain
stability of the 350V DC Bus. Although the technologies edeped in the POA
demonstration were seen as immatureuggon aircraft systems as they stand, the
project did serve to highlight several strands of research that will provide important

steps in the realisation of the ME3J.

Electric Fuel Pump &
Metering Unit, and Controller

High Pressure
Starter/Generator

Low Pressure
Generator

Active

Magnetic
Bearing

/L —

,t ~ s 1 il &}

2 " 2 Techspace Aero
N 8/ ‘  — -
§ Parker breather and “ s I 3 == Electric Oil Pump &
scavenge pump . Y e Scavenge System

Figure 2 CAD drawing of gas turbine engine with electrical components to be
integrated [3]



1.2 HIGH PERFORMANCE ELECTRICAL MACHINES

Well established electrical machine topologies, such as induction and ielahd
synchronous machines are continuously being improved in terms of reliability,
efficiency andpower density. However, improvements are being achieved with
diminishing returns. More significant advances continue to be made in more recently
developed topologies such as permanent magnet (PM), switched reluctance and
synchronous reluctance machines. @ntrue likefor-like basis, PM electrical
machines are generally recognised as offering the highest power density and have
received much research interest over the last 20 years[4}. Skhis research effort

has been directed towards applications and demands from the automotive,
motorsport, renewable and aerospace sectors. PM electricainesene continually

being pushed to their operating limits in these demanding applications, with
designers often expected to extract ewere power from the same size machines. In
order to meet these objectives, it is necessary to address a seriesnafatech
challenges to achieve any improvement in power to weight ratio or in other
application power to volume ratio. These include the adoption of new materials and
manufacturing methods, the minimisation of lossesufh careful electromagnetic
design, he management of losses in the machines and the interactions with the

power electronic converter.

PM machines are often categorised based on the direction of the flux path in the
magnetic circuit, with radial flux or axial flux being the most common. Ehection

of axial or radial flux was often decided by the geometrical constraint of the
application and the operating speed range. In the past, axial flux machines received
muchlessattention than their radial flux counterparts, because of mechanidozdlcrit

aspects and manufacturing complexity. However, recently, axial flux machines have



received more attention in the automotive industry and have proven to be
competitive in terms of power density] and a good fit to the power and speed
range of automotive appations (several tens of kW at 6,000,000rpm). However,

their major drawback in performance is their limited rotational speed for high power
applications, since the rotor aspect rationzdve adapted to suit the combination of
torque and speed. High smkaxial field machines have been developed for power
generation applications based on a stack of axial field stators and rotors. Although
this stacking approach can offer high power density in terms of the kW/kg for very
high speed applicationthey do mt offer such competitive power density at lower

speed.

There are many types of rotors used in raflied PM machines When used in
combination with appropriate stator designs these provide a range of properties and
performance features. The two maineggiries of rotor are variants on interior

permanent magnet (IPM) or surfac®munted permanent magnet (SPM).

IPM have received significant attention for use in automotive application. This is due
to a particular characteristic of IPM which readily allowe tonstant speed power
rangeto be extended using smlled flux weakening. IPM rotors inherently exhibit a
degree of saliency due to the arrangement of the magnets on the rotor. This give rise

to a torque component commonly known as reluctance torque.

Flux weakening is not usually considered for safety critical aerospace applications
because of the large baeknf that can be present at the terminals if the drive fails or

shutsdown.

SPM machines with neaverlapping concentrated windings are generabarded

as offering the most power dense topology, particularly for generator applications in



which machine reactance can be a limiting factor on performance. However, the
resulting emf often have significant harmonic content. SPM machines can employ
eithea distributed overlapping windings or nawerlapping concentrated [2]. Non
overlapping with concentrated windings can further-divided into double layer

(all teeth wound) or single layer (alternate teeth wound). -darlapping
concentrated winding pvades the following advantages compared to the various
other alternatives: high power density, short-emadings, high slot fill factor and

fault tolerant capabilities when used with particular combination of phase and slot

numbers [3, 4].

The emergencand continued development germanentmagnet materials has
resulted in welestablished grades of materials that combine both excellent magnetic
properties (in particular remanence and coercivity) and elevated temperature
capability. In the aerospace t&¢ the residual concerns over the lgegn stability

and corrosion resistance of NdFeB ensure thatC®m remains the preferred
permanent magnet material despite its slightly inferior room temperature magnetic
properties. Although airgap flux densitie 0.7-0.8T or so can be achieved with
SmCoy7, the main factor which facilétehigh power densities is operating with high

stator coil current densities, with values of 2 A/mn? being commonplace.

There are several challenges that arise in the desi@PM machines operating at
high stator coil current densities. Losses within a high current density machine
design tend to be dominated by copper loss and requires a more complex cooling

approach to remove heat from the windings.

As well as the high leel of stator copper losses, the high current density contributes

to significant levels of eddgurrent losses in the magnets thus increasing the magnet



temperature and often requires a method to minimise the magnet temperature to
sustainable levels. Théfect is reduced if the effective magnetic airgap is large (i.e.
several mm) in order to accommodate a magnet containment sleeve. The most
common and effective method of reducing the magnet-eddgnt losses is by

segmenting the magnets along the magagtn direction and/or axially.

The stator copper loss can be reduced by increasing the slot fill or slot packing
factor. Commonly achieved slot fill factors tend to fall within the range of 0.3 to 0.5

for in-situ wound coils and slightly higher for pfermed coils.

This thesis investigates several approaches to increasing the power density of
permanent magnet machines. In order to undertake these investigatians in
systematic manner, these intigations were undertaken in the context of of a
50kW geanerator which is driven by the lepressure (LP) shaft of a Roloyce

Model 250 gadurbine engine, atandard example of which(without a high power

generator) is shown iRigure3.

The generator is one element in wider eleatrsystems demonstration rig. The
system architecture is shownHhigure4, with the LP generator highlighted within a

red box. This architecture is a synthetic representation of the power generation and
distribution network ora UAV platform which employs a Model 250 engine. This
technology demonstration fits into a broader R&D programA%TRAEA I
(Autonomous Systems Technology Related Airborne Evaluation & Assessment)
which was undertaken by a consortium including RBitdls. The objective of this

wider programme is to develop and demonstrate some key technologies for the

operation of autonomous vehicle safely and routinely within civil airspace over the



United Kingdom. One use of such autonomous vehicles might be fire ggosting

a UAV helicopter shown ifrigure5.

The requirements for the generator are very challenging, in particular the need to

achieve the highest levels of power density (full specification for the generator is

described in dethin Chapter2).
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Figure 4 Demonstration system architecture

e e e——

A Rolls-Royce

Figure 5 Typical application of the Rolls-Royce Model 250 engine i UAV
helicopter [Source T Rolls-Royce]

1.3 SUMMARY OF THESIS SCOPE

This thesis reports on a series of design studies and investigations into features and
technologies, whicltan be exploited to enhance the power density of a high speed
permanent magnet generator.e$h include investigations into electromagnetic,
thermal and control aspects of performance with a view to progressively enhancing

the performance of a baseline reference design established in chapter 2.

The thesis iarranged into a series ohapters, Wich address the following aspects

of high power density design and technologies:

Chapter 21 The electromagnetic design optimisation of a 50kW PM generator for

an uncatrolled rectifier was describedrhis design establishes the



Chapter 31

Chapter 41

Chapter 51

Chapter 61

Chapter 71

Chapter 81

baseline power density using the kesnaterials and technologies
currently available

This chapter provides a detailed description of the construction, testing
and analysis of the prototyglesign outlined in chapter 2

This chapter investigated several thermal liquid cooling methods a
characterise the flooded stator cooling approach employed in the
prototype. The performance of the cooling method could provide
flexibility to operate at a higher current density and thus further
increase power density.

This chapter compares the ugeatuminium conductors with copper in
order to reduce weighdaf windingsand hence increase power density

A significant proportion otthe activemass of the design outlined in
chapter2 is contributed by the windings

A novel coil manufacturing methaging additive manufacturingAM )

was investigated in this chapter. Adllows novel intricate features

be integrated into the coils timprove inthe performance.

This chapter outlines a current waveform optimisation technique to
increase the maximumorgue per amp by profiling the current
waveform.

This chapter provides a summary of chapter, 2outline novel

contributions and scope of future work.
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Chapter 2 ELECTROMAGNETIC DESIGN OF 50KW LOwW
PRESSURE SHAFT GENERATOR FOR AN UNMANNED AERIAL
VEHICLE

2.1 INTRODUCTION
An integral conponent of the ASTRAEA (Autonomous Systems Technology

Related Airborne Evaluation & Assessment) demonstrationisrig high power
density liquid-cooled 50kW generator for the low pressure sbafan unmanned
aerial vehicle. A summaryfahe key performance specification for this getaras
shown inTable 1. This chapter describes the electromagnetic design adeling

of the generator whilehapter 3 describes the construction and testirgpobtotype.

Table 1 Design specifications

Feature Value

Speed range (rpm) 10,195-17,000

Output power (kW) 30-50

Stator outer diameter (mm) 160

Power converter Uncontrolled bridge rectifier
DC bus voltage (V) 270

The geneattor is required to generate 30kW at 10,195rpm and 50kW at 17,000 rpm.
An ambitious power density of 15kW per kg of active weight (i.e. excluding casing
and shaft / hub) was the design target for the generator. This challenging target
reflects the premiunon mass reduction in aerospace applications. The system

architecture to deliver power to a regulated 270V DC bus is shofigune6.
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50kW Diode bridge DC/DC
Generator rectifier Converter

270V DC Bus

Figure 6 System architecture

The preferred machingpe identified for this high power density application and
specifications was a permanent magnet synchronous generator (PMSM) with a
fractionatslot, concentrated winding configuratiofrractonalslot concentrated
winding synchronougFSCW) PM machines &ve receivedsignificant attention in
recent yearswith many well recognise@dvantagesover other machine types,
including high power density, high slot packing factor, short end turns (less copper),
high efficiency, low cogging torque anth someconfigurations,fault-tolerance
capability FSCW do however, give rise to higher induced ecigyent loss in the
magnets of the rotde]. Therefore,design features must be included to limit these

losses to an acceptable level.

From a system configuration point of view, it is crucial to understand the output
power characteristics of a PM synchronogenerator when coupled to an
uncontrolled diode bridge rectifier. The absence of any controllability in a diode
bridge rectifier means that maximum power that can be egttdodbm the rectifier
terminalsis fixed, during the machine design stage. Theegator has a voltage
regulationcharacteristic, whichs governed mainly by the ratio of the permanent

magnet flux to the colil inductance. For this reason, throughout the machine design

12



stage reported in this chapter, the performance of the machinesisle®@d at the

diode bridge rectifier DC output terminals rather than at the generator terminals.

2.1.1  AIR-COOLED 50KW LOW PRESSURE SHAFT GENERATOR
The design of this liquitooled LP shaft generator follows on from a previous

project in which a baseline forcedir-cooling LP shaft generator design was
constructed for testing. This apoled machine was designed to operate in
conjunction with the same undoolled diode rectifier bridge A crosssection
through this 10 pole, agooled design is shown irFigure 8 while its
electromagneticperformance and key parameters are summarisedalvle 2.
Although this aircooled variant demonstrated the required performance, its active
power density was modest at 3168//kg. This was due to the limited stator current
densities of7.6A/mm? RMS and 7.3A/mm? RMS at the 30kW/10,195rpm and
50kW/17,000rpm respectively. The predicted variation in the rectifier average DC
voltage versus cuent for this design at both 1®5rpmand 17,000rpm is shown in
Figure 7. It can be seen frorkigure 7 that the electromagnetic wer limit of this
machine is ~140WN at 17,000rpm which is well in excess of its thermal rating of

50kW.
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Figure 7 Predicted IV curve of the air-cooled LP generator

Table 2 Key parameters of air-cooled LP 50kW generator

Power (17000 rpm)

1200

Quantity Value
Stator outer diameter (mm) 160
Stator bore diameter (mm) 122
Rotor outer diameter (mm) 116
Active length 165
Mechanical air-gap length (mm) 1
Active mass (kg) 13.6

Open circuit DC Voltage (V)

144 at 10,195rpm

240.2 at 17,000rpm

50kW Operating point (Adc,Vac) 230.9, 216.3
Coil packing factor 0.6
Total loss for a coil temperature of 200 C (W) 1420
Active Power Density (kW/kg) 3.69
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Figure 8 Cross-section through air-cooled LP shaft generator FE model

The generator design synthesis described in this chapter is targeted at a more
aggressive elegt loading in order to achieve a much higher power density for the
same application and performance specifications. This is teddsed through a
combination ofusing advanced cooling techniques, more aggressive electromagnetic
design (i.e. to drivehie core materials further ingaturation) and weight reduction

features.

The FSCW slopole configuration of 15lots 10poles with breadoaf surface
mounted permanent magnets was adopted from theoaied generator design in
order to provide a more rdict comparisonThis slot and pole combination was
previously chosen for thair-cooled version on the basi$ power density from an
electromagnetic point of view. However, it was never operated dedsa@magnetic

power limit of 14&W due to thermatonsiderations. High performance electrical

15



machines tend to operate near their electromagnetic and thermal limit

simultaneously.

2.1.2 DESIGN SPECIFICATIONS OF THE LIQUID-COOLED 50KW LP SHAFT
GENERATOR
The liquidcooled 50kW generator described in this chappeovides a baseline

design incorporating thbest available materials aadvanced cooling technologies.
Subsequent chapters will consider further improvements in power density using

novel design features and advanced control strategies.

A series of topgevel design changes were made to the existingaaled design with

a viewto maximisingthe power density. Cobalt iron was chosen as the material for
the rotor and stator cores (Silicon iron was used in theaalled LP generator). This

has the highessaturaton flux density limit of all bk sdt magnetic materials at
2.34T. The same permanent magnet material was chosen, viz. Samarium Cobalt
(SmeCor7) which has a high remanence and is not as sensitive to temperature and is
more stable against corrosiothanNeodymium Iron Boron (NgFeisB). Direct oil

flood cooling of the stator windings (discussed in more detadhapter 4 was
employed which allows substantial increas&®MS current density, from ~7Amrh

to ~12Amn¥. A 1mm thick sleeve is required the airgap to prevent oil from
stator from entering the void around the rotor. When combined with a magnet
containment of 2mm and a 1mm mechanical clearance, the effective magnetic

gap isincreased to 4mrfrom the 3mm in the aicooled generator.

The preliminary geometric design parameters established from some standard sizing
and design equations are listedTiable 3. The corresponding crosgction for this
design is shown ifrigure9. The stato outer diameter is retained at 160mm as was

the case for the atooled variant. The stator bore was set by the size required to

16



generate 28Nm at 17,000 rpm. The initial sizing of the stator geometry was based on
well-established approach of operatitng core at a flux density whicls near the
onset of magnetisaturation The axial length was sized to be the minimum required

to achieve 50kW operating point.

Table 3 Preliminary geometric design parameters

Quantity Value
Stator outer diameter (mm) 160
Axial length (mm) 50
Stator bore (mm) 60
Effective magnetic air-gap length (mm) 4
Magnet thickness (at centre of pole) (mm) 9

Figure 9 Preliminary FE model of oil-cooled LP shaft generator
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2.2 STATOR ELECTROMAGNETIC OPTIMISATION OF 50kW LIQUID-
COOLED GENERATOR

Having established an initial design using standard sizing equatiseises of finite
element simulations were undertaken to optimise stator geometry. By designing the
machine to operate neds ielectromagnetic limit at 50kW, some benefits can be
gained from a thermal and weight reduction. The current density was set to 12A/mm
RMS at a coil packing factor of 0.5. The coils will be wounesitu because of the
stator core having toottips whid limits the packing factor. This value is typical of

the highest packing factor that can be achieved antinsegmented core with tooth
tips. The various deigns were modelled using -‘wmensional nortlinear, electric
circuit-coupled finite element anais. Aschematic of this model is shownFigure

10.

An uncontrolled rectifier topology was specified for the following reasons:

High reliability
High efficiency
Simplicity with no control requirements

Rugged

= =4 A A -

Low maintenance

However,an uncontrolled rectifier has sondeawbacks thamust be considered at

the generator electromagnetic design stage. Unlike its controlled counterparts, the
uncontrolled rectifier has no means of compensating for the drop in voltage at its
input teminals. Any increasein load current at a given speed, will result in an
increase in the voltage dropped across the winding resistance and reactance, hence
reducing the terminal voltage. The winding reactance is the dominant contributor to
the reduction interminal voltage. By minimising the inductance, the rate at which

the terminal voltage reduces with load current can be minimised. Therefore, the

18



impedance must be optimised for the generator to meet its required peak output
power capability at the recif output terminalsin addition the current waveform
from an uncontrolled rectifier has a significant harmonantent, whichwill

contribute additional core losses and eddyrent loss in the magndt?].

The unconblled diode bridge rectifier was specified as the best suitable for the
system configuration and application. However, as mention above, it imposes

constraints on the generator design and hence limits the system output power.

Figure 10 shows the arrangement of the generator connected to an uncontrolled
diode bridge rectifier. The 1.6V sources in the bridge rectifier represent the forward
diode voltage drop. The load at the output terminal was represented using a simple

resistor.
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Figure 10 FE model coupled with diode bridge rectifier circuit
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The generatorhas a large effective magnetir-gap of 4 mm due to the need to

accommodate thmagnet containment, coolant sleeve and the mechaézabnce.

The optimum thickness of the magnets was selected based andhgsisthat is

summarised irFigure 11. The increase in stress on the containment with magnet

thickness was taken into consideration.
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Figure 11 PM air-gap flux density distribution for various magnet
height

Figure 12 shows theFE simulatedDC current and DC voltage relationshiBE
model shown irFigure10) at the terminals of the diode bgel rectifier for the initial
design detailed previously ifable3. The DC/DC converter is designed to operate in

a voltage stejup mode to produce a regulated 270VDC bus. Hence, there is a limit
on the maximum voltage at the riéier terminals. The open circuit dc voltage at the
rectifier terminals was therefore set not to exceed 260V, which provides 10V of

6headr oomo.
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Figure 12 Uncontrolled rectifier output voltage versus current
characteristics of initial stator geometry design (as detailed in Table 3)
at 17,000 rpm

The rate of the drop in DC voltage with load currenFigure12 is largely a result
of the reactance of the winding. Achieving 50kWthe lowest posbie current
would benefit fromreducing the inductance but only if this is achawethout a

greater reductiom the EMF constant.

2.2.1 CALCULATION OF KEY GENERATOR PARAMETERS

Accurate calculation of the selind mutual inductance is impant in order to
obtain results from the system modelled. Hence, a combination editnensional

and threedimensional numerical (FE) simulations wetsed to predict the
synchronous inductance, including the -evidding inductance. The enslinding
inductance was predicted from three dimensional FE analyses in which the active

region was separated out by comparison with 2D FE. This value was then added to
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the circuit model as a fixeshductor, whichwas coupled with the twdimensional

FE model of the geneia, as shown previously fhigure10.

A fixed value of endvinding inductance (which sits outside the tdimensional

finite element region) was established using tuiegensional finite element
analysis. Isolating a value oh@winding inductance was done by calculating the
inductance by thredimensional finite element analysis of a series of machines with
the same crossection but increasing axial lengths. The variation in inductance with
axial length, which is an essenhalinear relationship, can be extrapolated back to
zero axial length. This offset or the inductance can be regarded as the value of the

endwinding inductance.

Figure 13 shows the calculated values of inductance for machinge ag0mmin
length, from which an enrdinding value can be estimated. Although this calculation
was performed for one particular cresection, the resulting enslinding inductance

can be applied for machines of the same pole number and stator diamhbter wit

limited error.
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Figure 131 3D FEA predicted inductance for varying axial length

The resistance was calculated using the estimated length per turn, packing factor and
the resistivity of the @pper. The length of the turn wastimated using the geometry

of the slot and the axial lengthwice the axial length, plus the circumference of two
semicircles representing the emdnding lengthgivesthe mean length per turithe
semkcircle was estimated to have a diameter thpans from the middle of a half

slot, across the tooth width to the middle of the other hatf glahe coil. The
resistance wasadjusted for temperature by using equatid) with a copper

temperature coefficierdf 0.0039.
Y Y p | Y Y 1)
The stator and rotor core wasodelled using the VacoFlux 50 Cobalt Iron data

provided by the company Vacuumschmelze of which the cores would tieagad
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from. VacoFlux 50 is their highest magnetic saturation grade of cobaltFigure
14 show the data provided by Vacuumschmelze, which compares the BH

characteristics of two grades of cobalt iron, silicon iron and iron.
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Figure 14 Comparison of the BH curves of soft magnetic material
[Source: Vacuumschmelze]

Samarium cobalt (Sgfo17) magnets were also simulated using data from
Vacuumschmelze. Their highest grade of samarium cobalt is called Va@hax
which can provide up to 30 MGOe energy density with a remnantdiunsity of
1.08.Figure15 shows the demagnetisation curves of Vacomax 225 for temperatures

within the range of 2@ to 300C.
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Figure 15 BH curve of Vacomax-225 grade samarium cobalt magnets
[Source: Vacuumschmelze]

2.2.2 STATOR GEOMETRY DESIGN OPTIMISATION

Using the initial geometric dimensions ©éble 3 as the baseline, the various key
dimensions shown iRigure16 were scaled downwards in 10% increments. For each
combination of dimensionsummarised iTable4, a series of circuitoupled finite
element simulations were performed to predidte trectifier output M
characteristics. The output power, the inductance and the current density were the

performance features considered in selecting the preferred design.

Conventionally, excessive magnetic saturation in the stator core region isyusuall
avoided in sizing the stator core. However, in this analysis, the level of saturation
was notconstrained (recognising that it will increase core losses) and the output

power at the bridge rectifier terminals was considered as the only figure of merit.
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Figure 16 Stator geometry dimensions

Table 4 Stator geometry parameters of the designs

Dimensions (mm) Design 1 Design 2 Design 3 Design 4
Tooth body width 7 6.3 5.6 4.9
Back iron width 4 3.6 3.2 2.8
Tooth tip height 0.5 0.45 0.4 0.35
Slot Area (mm?) 154 164 174 185

A key benefit in reducing the stator core dimensions is the increased slot area and
thus reduction in current density requiredatthievethe 50kW output requirement.

This is in essete, pushing the electromagnetic design near its electromagnetic limit

for the 50kW operating point. However, beyond a certain reduction in the core
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dimensions, the maximum achievable output power begins to fall as the magnetic
saturation starts to decsmathe emf/torque constaihis can be seen iigurel?.
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Figure 17 17 The variation in current density with tooth width of the designs
listed in Table 4

From the results represted inFigure17 andFigure18, design 4 was observed to be
most suitable as it met the 50kW output power requiremettiealowest current

density This design was chosen going forwards for furthelyaisa

28



400 .

' S Const. 50kW
\ \ — . = Const. 30kW
350 . \ Max. output voltage
\ k| —e— DESIGN 1
\ AN —e— DESIGN 2
300 . “ —e— DESIGN 3
— \ N —e— DESIGN 4
’ : “ —e—DESIGN 5
& 250 :
8
o
>
= 200
=
>
O
O 150
a)

100

50

0 50 100 150 200 250 300 350 400 450 500
DC Output Current (A)

Figure 18 IV characteristics for designs on varying stator geometric cross-
sections at 17000 RPM

2.2.3 SELECTION OF SLOT-PITCH TO TOOTH-PITCH RATIO

The slotpitch to toothpitch (SPTP) ratio plays a major role in this desifhe
inductance is influenced by the SPTP ratio, tending to increase aSHME
increases Its impact on the output power of the preferred design established in

section2.2.1was invesgated and quantified.

A SPTP of 1 corresponds to there being no slot opening with the tooth tip of adjacent
teeth in contact. The series of SPTP ratio investigated were 0.55, 0.6, 0.7, and 0.8.
As the SPTP increases from 0.55 to 0.8, gfeak neload ba&-EMF voltage
increases as would be expected given the greater peaknktage captured by the
wider teeth. However, the inductance also increases due to increasedlaross
leakage thus limiting the output power at tketifier outputterminals. As dicussed
previously insection2.2, the DC voltage at the rectifier terminals cannot exceed

270V for reasons imposed by the DC/DC conveitéerefore this rules out SPTP
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ratios at the top end of the range for this number wfstyper coil. In selecting the
optimal SPTP ratio, there is a trad# between no load baeémf voltage and
inductance. The objective is to minimise the inductance for reasons discussed in
section 2.0, while achieving a no load backf just below the 2A0 limit and
ultimately meet the 50kW operating point. With these objectives in mind, a SPTP

ratio of 0.6 was chosen based on the results shoWwigune19.

350 8
\
\‘ ----- Constant 50kW contour
\ —@— SPTP 0.5
300 L
\\ —f— SPTP 0.6
\\ —&— SPTP 0.7
250 \| —— SPTP 0.8
S
o 200
o
8
©
>
O 150
o
100
50

0 50 100 150 200 250 300 350 400 450 500
DC Current (A)

Figure 19 Uncontrolled rectifier output IV Characteristics at 17000 RPM with
various slot to tooth pitch ratios

30



2.2.4  SELECTION OF NUMBER OF TURNS AND AXIAL LENGTH
As there is no active control over the output voltage with an uncontrolled diode

rectifier, the ndoad back EMF voltage needs to be stdd to obtain the required
power out at the design stage. The magnitude of the EMF voltage is proportional to
both the number of turns and the axial length. As discussed in setfidh
minimising the inductance is importaait the design stage to attain the power at the

rectifier terminals.

The power and hence torque increase proportional théhaxiallength as can be
deduce fromEquation(2). The drawback of increasing the axlehgth is that it
increases the weight at the same rate as the EMF. This is because every active
component, including the casing, on the rotor side and stator side would need to be
increased at the same proportion. The power density (kW/kg) is the nmamegtar

this study is looking to maximise and therefore increasing the length will reduce the
power densityratio, as the power output does not necessarily increase at the same

rate.
Y 26 do 0 )

The number of turnss directly proportional to the EMF, as shown by equa(®)n
However, the inductance is proportional to the square of the number of turns as
shown inequation(4). With this in mind, system topologies with an uncontrolled
rectifier and high speed operation tend to have a low number of turns fasaber
Hence, adjusting the EMBy varying the number of turns becomes a very coarse
methodof matchingthe output voltagevith such low numbers of turns per coil.
However, this can be alleviated by connecting the coils per phase in parallel, since

each coil is now equipped with the same number of turns as would be present in the
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full phase for a series winding, and hendaar adjustment is possible. The parallel
coil connections can be quite complex to implement because of the number of

terminationghat mustbe formedn the restrictedrolume

000 ¢ Q%0Q @3)
) 0 %o .
0 ) (4)

A series of designs with @nd5 turns and axial lengthanging betweei45-55mm)
were analysed. The resulting output voltagesus current characteristickerived
from finite element analysis for a series of operating points are shokigure 20.

The slope of the IV curve is influence by timeluctance, whichincreases at higher
rate with the number dfirns than the axial lengtiithe neload output voltage (zero
current) is larger for a longer axial lengthd higher number of turngor the same
axial length but varying number of turns, theload output voltage is, as expected,
higher as the EMKs dso a function of number of turns and as mention previously,
the inductance. Moreover, a point to note is that the gradient of the 45mm/4turns is
lower than the 45mr6fturn design due to the inductance. Designs with doad
output voltage greater than @6 are not feasible because the -DC converter

operates in boost mode only with a design headroom of 10V to the DC link.
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Figure 20 IV Curves analysing the effects of the number of turns and axial
length on the output power at 17000 rpm
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2.3 ROTOR MAGNET CONTAINMENT STRESS ANALYSIS

In order to counteract the centrifugal forces exerted on the magnets at high speed,
some form of mechanical containment is required. The containment sits in the airgap
and inevitably increases the effiwe magnetic airgap length. Consequently, this
reduces the airgap flux density for a given magnet lergtd hence the

electromagnetic performance, notably the torque constant.

The need for containment is a wedcognised drawback of this topology ofP
machines for high speed machin€berefore much research effort has been carried
out into various types of containment materials with high strength/mass ratio. The
two most commonly employed materials are Inconel sleeves and carbon fibre
composite ovewraps. The electrical conductivity of the containment becomes an
important factor as eddy current losses are induced which raise the tempefature
the magnets. In many cases,ghuan rule out Inconel sleevés.this design, carbon
fibre was selectedsathe containment material since a number of machine features

are likely to make induced eddy currents in the sleeve a particular concern:

1 The high electrical frequency, i.e.42kHz for 10 poles at 17,000rpm
Concentrated winding with large slot openinlgattwill produce pronounced
spatial harmonics

1 Current waveform resulting from the diode rectifier will produce significant

time harmonics

The stress on the containment is temperature dependant as a result of thermal
expansion mismatch between the rotorecbmagnets and the carbon fibre. This
tends to increase the stress with increasing temperature. The objective of the design
optimisation is to select the minimum thickness of the carbon fibre that can
withstand the stress with some specified safety fatite also important to note that

the containment must apply significant fm@mpression onto the magnets to ensure
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that they remain in contact with thetor core at the maximum spef8]. This is

usuallyachievedoy pretensioning the fibre as it is wound onto the rotor magnets

The stress on theadbon fibre containment was analysed numerically using the
structural analysis software Ansys. The manufacture of the carbon fibre banding of
the rotor was subcontracted to external company called Cobhdntheproperties

of the epoxy and carbon fibre usby Cobham(and whch are summarised imable

5) were adopted to predict the stress levels in the containment. -tenmien of
450MPa was adopteid the model. The predicted stress distribution in the various
regons of the rotom shown inFigure21 for the case rated speed of 17,000 rpha,
temperature of 12C€ and a carbon fibre thickness of 2mm. As showRigure 22,

the peak stress exerted on the carbitmefcompositeincreases rapidlyas the
containment thickness fallbelow 1.25mm. The structural analysis provides

assurance in selecting the thickness of the carbon fibre containment.

Table 5 Table of rotor components mechanical properties

opertes | it 08017003 | By | ofexpanson
Vacomax 225 150 0.3 8400 12
Vacoflux50 215 0.3 7640 12
Carbon Fibre 132.5 0.3 1760 0.251
Titanium 6AI-4V 114 0.34 4430 8.6
Wedge (Interpole) 1 0.4 3000 30
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Figure 21: Finite element tress distribution in the regions of the rotor
at 17000rpm (Rotor temperature of 120°C; carbon fibre thickness of
2mm; 450MPa compressive stress at standstill)
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Figure 22 Variation in localised peak stress on carbon fibre
containment as a function of containment thickness (Temperature of
120°C and speed 17000rpm with a pre-compression of 450MPa)
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There is an electromagnepenalty thais incurred as a rekwf the presence of the
nonmagietic containment in the airgapigure 23 illustrates the variation in the
generator performance (in terms of rectifier output V/I curves) for a range of

different effective magnetic airgap length

The thickness of carbon fibre was selected to be 2mm, which provides a reasonable
tradeoff with electromagnetic performance while offering headroom in mechanical
stress to accommodate a degree of uncertainty in the temperature and allow for

manufaturing tolerances.
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Figure 23 Variation in electromagnetic performance as a function of
airgap length

37



2.4 ROTOR MAGNET EDDY-CURRENT LOSSES & MAGNET
SEGMENTATION

As discussed in sectio@.1 of this chapter,one of the drawbacks of FSCW
configuration is the presence of spatial harmonics in the airgap flux density. These
harmonics are responsible for inducing eddy currents in the magnets (and in the
sleeve if it was electrically conducting). 8e aréboth a surce of additional loss

and henceeducedefficiency, but the most significant issue in most machines is the
direct heating of the magnets. This will cause their magnetic properties to drop with
increasingtemperatureand increasehe risk of irreversibledemagnetisation. The

induced eddycurrents can be reduced by a combination of two approaches:

1 Reducing the harmonic content of the airgap flux density by selection of the
slot geometry and winding configuration
1 Reducing the crossectional area of the inded current paths by segmenting

each pole into a number of small magnet pieces.

High power densitypermanenimagnet machines generally have a fractional slot
pole combination with concentrated windings and a high electric loading. This
combination tendso produce an airgap MMF with relatively high harmonic content,
generating magndbsses. The magnet eddy current loss produced by a machine with
concentrated windings is higher than that of a comparabl@inewith distributed
windings In a classical iteger slot winding configuration, the MMF waveform is
repeated a number of time equivalent to the number ofpgamite and its spatial
harmonics are multiples of the airgap fundamental MMF. However, for a fraetional
slot winding configuration, the MMF canontain parasitic MMF harmonics of
orders close to the fundamental and/or-salmonicswith longerwave lengthsThe
parasitic MMF harmonics in the airgap rotate at different speeds to the rotor thus

exposing the magnets to a timarying magnetic fieldThe three factors of the
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harmonics which influences the magnet losses are; the amplitude, the relative speed
with respect to the rotor and the wavelength. The influence of the parasitic
harmonics wavelength and the width of the magnet pole on rotor legses
investigated irf14], which highlighted that the path taken by the eddsrent in the
magnet segment is determined by the ratio of the wavelength of the harmonic order
and the width of the segment. A parasitic harmonic with a relatively large
wavelength compared to the magnet segment width produces a high level of magnet
losseq15]. For this reason, sttlarmonics and other parasitic harmonics close to the

fundamental harmonic generates the higher levels of magnet losses.

For surfacemounted PM rotors, the rotag flux density distributions imposed by
the harmonics in the airgdfux density are approximately the same seen by the
magnets segments because oirthise proximityto the airgapHowever for IPM,

the rotating flux density distribution seen by thagnets are a result of the applied
in the airgap multiplied by a concentration fadts]. The magnet losses approach a

steady state level with the increase in segmentétign

The slot openings will also cause flux density variations in thgnetadue to the
modulation of the localised permeance, whichisea fluctuations in the localised
magnet working point, thus producing edtyrent losses in the magnets. The shape
of the tooth and the skwboth pitch ratio will influence the magnet losse
Optimising the tooth shape to reduce magnet axoigent losses was investigated in
[7]. For applications where field weakening is required, the magnetaadynt loss
contributed by slotting effect reduces when operating in the flux weakening region
(generally highspeeds) because of the reduction in flux crossing stator and rotor.

The effects of slepole combination with multiple phases (3,5,7) was investigated in
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[15] which demonstrated that single layer or modular windings produce higher levels

of eddycurrent losses comparedaalouble layer.

Many approaches to reducing eddy current losses in the magnets seek to reduce the
airgap mmf harmonicfs]. However, this is often achieved with some penalty paid
in torque capability. This is notnaimmediately favourable option whepower

density isparamount

It is also important to note that temperature rise and ultim#ielynalirreversible
demagnetisation is caused by the temperature rise in the maaghetsthan losses
per se.Therefore,optimising heat transfer path frothe magnetdo someheat

sinkingelement such as the shafalso a necessaopnsideration

One weltrecognised method of reducing eddy currents is segmenting each magnet

pole into a number smaller magnet pieces which are electrically isdtataceach

other. Each ngnet pole can, in principle, be segmented axially, radially and
circumferentially. One benefit of having
filtero for high order MMF harmonics, whi

spatal harmonicg6].

Analysis was performed to reduce the losses in the magnets by segmentation. The
losses were predicted using 2D FE analysis in which each individual magnet piece
was considered as an electrical conducting region in which eddy tsuo@und be
induced. The magnet region in the FE model was assigned a value of electrical
conductivity for SraCoi7 of 1.25 MSm. Each solid conditing segment was
connected to its owth O O kesjstor in series to constratime eddycurrent within a
segment. The magnet losses calculated from this 2D model does not take the axial

segmentation into consideratiohherefore,the losses calculated Wwilend to be an
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overestimate if the magreeaire to be segmented axially with dimensions comparable

to the radial and circumferentidimensions.

A series of timestepped, transiergimulations at theated speed and powerere
carried out in order to calculate the eduyrent magnet losses asuadtion of tooth

pitch to slot pitch ratioFigure24 shows that as the slot opening decreases the losses
reduces This is to be expected given the reduced permeance fluctuation and the
reduced slotting harmonics. Increasing tlo gitch to tooth pitch ratio by 10% (0.6

to 0.7), the losses reduce by 10%. As the slot pitch to tooth pitch ratio approaches

unity, the benefit in reducing the losses diminishes.
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Figure 24 The magnet eddy-current losses of a single segment per pole of
design 4 at the rated 50kW at 17,000 rpm

A further series of simulations considered magnet exolgent bsses as a function
of the stadr current loading. The simulations were carried out at a slot pitch to tooth

pitch ratio of 0.6 at the rated operating point of 50kW at 17,000 rpigure 25
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shows that the rate at which the magnet loss increases with current density changes

markedly at around 8 Ami

350

300

N
(onl
o

200

150

Magnet eddycurrent loss (W)

=
o
o

50

0 2 4 6 8 10 12 14 16 18
Current Density (A/mm2)

Figure 25 Magnet eddy-current losses as a function of current density
at 17000 rpm

The magnet eddgurrent loss was simulated forthdl2 and 24 segments per pate
the 50kW at 17,000rpm operating point. The 12 segment variant was based on 12
subdivisions circumferentially ashown inFigure26. An instantaneous snhapshot of

the eddycurrent loss distribution for this segmentation is showFigire 26.
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Figure 26 Instantaneous snapshot of the eddy-current distribution in a
magnet pole of 12 radial segments

The 12 segments per podasfurther segmented radially into 2 layers, giving a total
of 24 segments per magnet pole, as showhigare 27. This significantly reduces

the magnet eddgurrent losses, as can be seemable6.

Although not accounted for with 3D FE analysis, in the final prototype machine,
the magnet were segmented axially intorhfn long pieces. This will result in some

further reduction in the losses shownTiable6.
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Figure 27 Instantaneous snapshot of the eddy-current distribution in a
magnet pole of 24 segments

Table 6 Comparison of magnet eddy-current losses for several levels
of segmentation at 50kW at 17,000 rpm operating point

No. of Segments Magnet eddy-current loss (W)
1 Segment 1337.5
12 Segments 264.8
24 Segments 1155
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2.5 STEADY STATE ANALYSIS OF THE OPTIMISED DESIGN AT THE 50KW
OPERATING POINT

Finalised design parameters were establisihech the analysis presented in the
previous sections. The resulting machine csmsdgion (including the concentrated
winding layout)is shown inFigure28 and a summargf the key design parameters

arecontainedn Table?.

N

20mm

Figure 28 Finalised generator cross-section
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Table 7 Design parameters of the finalised design

Stator Dimensions Value (mm)
Number of stator slots 15
Stator outer diameter 160
Stator bore diameter 122
Effective magnetic air-gap 4.0
Stator back iron thickness 2.8
Stator bore coolant retention sleeve thickness 1.0
Tooth body width 4.9
Tooth tip height 0.5
1 Slot area (mm>) 174
Stator slot packing factor 0.5
Turns per coll
Series connected coils per phase
Machine active length 50
Resistance per coil (mq) 1.38
Inductance per coil (Including End-winding) 6.97¢H
Active weight (kg) 4.77

Rotor Dimensions Value
Number of poles 10
Magnet height (from centre) 9
Containment thickness 2
Rotor outer diameter 118
Rotor inner diameter 85

2D FINITE ELEMENT SIMULATED PERFORMANCE CHARACTERISTICS

rectifier terminals.
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The generator coupled with the uncontroltedtifier was simulated wit a simple
load resistor to obtain the required output power to the DC/DC converter. The load
resistor does not fully represent the dynamic performance of the DC/DC converter as

it is recognised that there would be some inductance and capacitance sedrefrom




The predicted backEMF is shown inFigure29. The features observed in the back
EMF at ~90 and ~270 electrical angle shown iRigure29 are due to the large slot
openingsTheshape of the lingo-line emf is suited for an uncontrolled diode bridge
rectifier as theemf peak occurs in the region where the diodesconductingover a
cycle Figure 30 shows the simulated current waveform when operatincatad

point of 50kW at 17000 RPM.
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Figure 29 Finite element No-load open-circuit Back-EMF at 17,000 rpm
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Figure 30 Phase current at the 50kW, 17000 rpm operating point i
connected to diode rectifier

Figure 31 shows arepresentativéevel of saturation in the stator core at rated speed
of 17,000rpm and rated power of 50kW. As mentioned previously, cobalt iron
saturates at 2.3T and the flux density within the tooth and baclamoroaches this
value. However, operating with an appreciable lefaaturatiordoes not reduce the
output power to a meaningful extent, but does give a benefit in additional slot area
gained.Figure 32 shows the equipotentiabntours at rated load and speed of 50kW

at 17,000rpm respectively.
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2.5.2 ELECTRICAL LOSSES AT 50kW OPERATING POINT
Copper losses were calculated using the true RMS phase currentvahtieg. A

typical waveform is Ilsown inFigure30. The losses were calculated at the worst case
coil temperatte of 200 C.

Each colil consists of 5 series turns formeih 49 parallel strands of 0.6¥n
diameter wire. The effective cressction area of conductor 17.4rhby paralleling

49 strands to give the equivalent area per turn, the resulting conductoe lsindl
flexible, and so the winding process can achieve 0.5 packing factor.

The phaseresistance at 20Q was calculated to be@BmY using equation 6. The
length of the conductor pdurn percoil was estimated to b&58.5mm Using

Equation(7), the copper losses were calculated td 2&W.

” i‘)
Y = 5)
(0]
Y Yp | Y'Y (6)
0 O O Y @)

The iron Isses were predicted using an FE model coupled in combination with a
pre-existing Matlab algorithm. The flux density information for each time step of
each element of the mesh of the stator core is passed on to the Matlab algorithm
which then calculates theon losses using equati@8) along with the material data,

speed, and the start/finish time of an electrical cycle.

5 7, [14 ”n ” Iy p ’Qé 81
5 Q8 0 -0 om0
(8)
” ’Q ’Qé , \
ot v Qo 2°
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A plot of the iron loss irthe stator core is shown Figure33. The stator iron loss at
50kW operating point at 17,000 rpm was calculated to be 234W while the rotor core

was only 1W.

As would be expected given the high current density and the higbrperice core

material selected, traveralllosses are dominated by copper
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Figure 34 Iron loss of the stator at 30kW operating point of a 5" of the stator

2.5.3 MASS OF ACTIVE COMPONENTS AND POWER DENSITY

The mass of the design was critical for this application. The aim of the design was to
achieve a power density of 15kW per kilogram of active weight. This means, at

50kW the active mass of the machine must be 3.33kg. The active mass refers to the
components which make up the electromagnetic design which consist of the cobalt

iron stator and rotor core, the copper winding and the samarium cobalt magnets. The
active mas was calculated using the densitipsr ovi d e d i n the mar
specifications, shown ifiable8 and the volumeTable8 also shows the mass of the

active components.
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Table 8: Mass of the active components

Component Density (kg/m?) Mass (kg)
Stator lam 8120 1.18
Rotor lam 8120 0.75

Magnets 8400 1.00
Windings 8940 1.84
Total 4.77

The power density at the rated power was caledl& be 10.5 kW/kg. This is ~3x
the vale achieved by the agooled version. This design extends the thermal limit
thus permitting the machine to operate at higher current densities and therefore the

size was reduced for the same 50kW rated power.

2.6 SELECTION OF COOLING STRATEGY
The thermal behaour of the motor was modelled for the 50kW operating ptmnt

determine a suitable cooling strateghhis was done using Mot@AD software
package whichusesa majority of lumpedparameter method with some FEA
analysis of the slot to identify hot spofst a design current density of 12A/mpa

form of liquid cooling was required to maintain temperatures within a safe operating
limit. Table 9 shows a summary of the losses at 50kW a Jacketcooling and
flooded stator coolingThe jacket cooling method does not require a sleeve in the
airgap. Therefore the electromagnetic airgap was simulated at 3mm and 4mm for the
jacket cooling and the flooded stator cooling respectively. The copper losses for the
3mm design are lower becausfethe increase ifiux-linkage and hence, badkdVF,
meansthat less current is required to produce themerated power of 50kW.
Subsequently, the increase in the flinkage also increases the iron loss but overall

a reduction in the total loss.
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Table 9 Summary of the losses for jacket and flooded cooling

Loss component (W) Jacket Flooded
Copper 814 1200
Core 329 234
Magnet 187.5 116
Windage 75.6 75.6
Total 1406 1626

2.6.1 SPIRAL-JACKET COOLING
An investigation was first carrieaut on a spiral liquigacket to check its suitability.

Figure 35 shows aschematicof the arrangemenfThe endwinding on the non
driving end was extended by 10mm to account for interconnections between phases
and the star pointA mock up stator core and winding was done to accurately
estimate the endinding length. Thédiquid-jacketchannel dimensions were selected

to belOmm in height and 5mm in width with a flow direction from rear ¢dadwing

end)to front.
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Figure 35 Schematic of Spiral liquid-jacket cooling arrangement

The endwinding region wasimulated vith a high thermal conductivity encapsulant,
Durapot 862, which has a thermal conductivity of 0.58W/rand a temperature
limit of 315xC. The majority of commonly useencapsulantshave a thermal

conductivity of~0.23W/niK e.g. Epoxylite.

Table10shows a summary of the thermal conductivityhefothercomponents
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Table 10 Material and thermal conductivities of the components

Component Material Therma(ll S\Znﬂ:’gw;y
Casing Aluminium 168
Encapsulant Durapot 862 0.58
Core laminations Cobalt Iron (Vacoflux 50) 30.0
Slot liner Nomex® 410 0.14
Magnet Samarium Cobalt 11.0
Winding Copper 401
Winding insulation Polyamide 0.35
Airgap Sleeve PEEK 0.25

A design interferencdit of 0.2mm between the casing and the stator lamination
stackwas usedAn impregnation quality of 90% was assumed. This was accounted
for in the thermal conductiwit of the material by a multiplier factoA natural

convection heat transfer coefficient of 6 Wikhwas used for the outer surface of

the casingand an ambient temperature ofx20 The properties of the oil used as

coolant in the model can be foumad Table11.

Table 11 Typical properties of the coolant oil

Properties Value
Thermal Conductivity 0.149
Density 986.9
Specific heat capacity 1926
Kinematic Viscosity 3.92x10°
Dynamic Viscosity 0.0387
Prandtl Number 499.8
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Simulated thermal results for the liquid-jacket cooling method

The model wa simulated for a range of flow rateSigure 36 shows how the
maximum winding temperature varies with flow rafene temperatures of the
various components of the machiae5l/min at the 50kW operating are shown in
Figure37. Also at this operating point, the temperature gradiétiie slot is shown

in Figure38.
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Figure 36 Temperature for varying flow rate at 50kW operation point
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Figure 37 Simulated temperatures at various regions of the machine at a flow
rate of 5I/min operating at 50kW
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Figure 38 Thermal FEA of the winding operating at 50kW and a flow rate of
5I/min using Motor-CAD

The resultssuggest that a liquighcket cooling arrangement would not be sufficient
for this design. Thereforéhe floodedstator coolingdesignwas investigated This
was simulated using a simplified model in MeG@AD to determine the suitability

of this type of ooling.

2.6.2 FLOODED STATOR

The flooded stator arrangement allows coolant to flow betweenintigidual
conductorstrands circulatingfrom the rearend of themachinea t the six o006
position through the active regioand exit at the front ed at thetvel ve 06 <c¢l o

position Figure39 shows arrangemenf this cooling approach
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Figure 39 Flooded stator oil cooling arrangement

The model was simated with aflow rate of 5//min andthe losses summaed in

Table9. The resulting machine tgraratures are shown Kigure40 andFigure41.
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Figure 40 Radial view of simulated temperatures at various regions of the
machine at a flow rate of 5I/min operating at 50kW
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Figure 41 Axial view of simulated temperatures at various regions of the
machine at a flow rate of 5I/min operating at 50kW

The results shown ifrigure 40 and Figure 41 shows that this type of cooling was

more than adequater the rated operating point of 50k&{ 17000 rpm

2.7 CONCLUSION

This design outlined here sets the baseline power density (10.5 kW/kg active power
density) on what can be achieved using existing technology and materials with a
more complex cooling methoakquired to maintain temperatures to a sustainable
level. The following chapte(Chapter 3 will look at the construabn and testing of

the prototype of this design. Chaptew#l characterise the cooling approach taken
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and chapter Bnwards will investigate strategies on improving the power density of

this design.

Chapter 3 CONSTRUCTION, TESTING AND ANALYSIS OF
PROTOTYPE GENERATOR

3.1 INTRODUCTION

Chapter 2escribedhe electromagnetic optimisation of the 50kw PM synchronous
generator withthe flooded stator cooling arrangemefdr connection to an
uncontrolled diode bridge rectifieresulting in ginal optimiseddesign. This chapr

describes the constructiogxperimental testingndresultsanalysisof the prototype

3.2 ROTOR CONSTRUCTION

The manufacture of opeff stator and rotor cores is usually done by either wire
based electralischarge machining of a clamped stack of lanomat or laser cutting

of individual laminations. For this demonstrator machine, the stator and rotor cores
were manufactured by Vacuumschmelze using their latest soft magnetic material
manufacturing process, VAC Stack technology. However, in the VAC stack
process, the 0.2mm thick cobalt iron lamination sheets are adhesively bonded to
form a single rectangular block before being-cut using the wire EDM. The end
result in a precise adhesive bonded stack of the final geometry with a typical
dimensional tarance of0.0Imm. This process results in reduced core losses and
improved magnetisation performance compared to stamping / laser cutting as shown

in Figure42 andFigure43respectively bywacuumschmelzgl7].
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Figure 42 Comparison of core losses using VAC process compared
with standard process (Source: Vacuumschmelze)

VACUUMSCHMELZE

VAC Stacking Procedure: Improved Magnetic Properties
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Figure 43 Comparison of the flux density per field strength of the core
using the VAC process and the standard process (Source:
Vacuumschmelze)
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The rotor corevas attachedo a nommagnetic hub whichvas in turn connectetb
the rotor shaft. Keyways were uses to locate bokte trotor corgo the huband the
hub to the shaftThe hub wasnanufactured from ifanium (specifically Titanium 6
4 which includes additio of 6% Al and 4% Vanadium). This material offers the

following benefits as a hub material:

A low density (4430kg/if) which is useful in terms of minimising overall

machine mass.

1 High strength (0.2 proof stress o0B8OMPg to accommodate centrifugal
loading imposed by high speed operation

1 Coefficientof thermalexpansion with is god matchwith that of Mbalt iron

with values of 8.8 and &Bn/m.K respectively

Figure 44 showsthe hub, a pair of Titaniumendplates anda dummyshaft used
during the rotor assembly procegs shown,a seriesof apertureswvere created in

the hub to reduce its mass with@ompromising on mechanical strength.

66



Figure 44 Assembly of the hub, end-plates and a temporary shaft

The rotor core desigimcluded a series protrusida preciselylocateand align the
magnets withireachpole The detailof these protrusions shown inFigure45. The
SmCoi7 permanent magnets wecet andbonded to the rotor core by axternal
supplier CermagLtd). As discussed ilChapter 2 the magets were segmented to
reduce eddyurrent losses. Each pole is made up of 24arateieces of magnet
(10 segmentslongthe axial length, Zircumferentiallyand 12radially). The high
degree of segmentation can be seeRigure46. The magnet segments are bonded
together using aigh temperatureepoxy Duralco NM25 which can withstand
temperatures up 2&0 [18]. The intefrpolar regions areilfed using a high
temperature and high strength Armagnetic filler Hylomar ST574[19] which has a

density of 2000 kg/fhand is evident as dark red regiongrigure46.
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Figure 45 Rotor core and hub arrangements with magnet pole niches

Figure 46 Assembly of the rotor showing segmented magnets

A 2mm deep groovavas incorporated at the outer edgeeafiplate as shown in

Figure46in orderto accommodate a 2mm thick carbon fibre composite containment
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sleevefor retaining the magnets. iBrarrangement provides a flush finish across the
surface of the rotoas shown inFigure 47. The carbon fibre @mding was sub
contracted to Cobham (UKjecause of the need to maintaiprestress of 450MPa
during manufacture in order tmwunteactthe centrifugal forces at thepperend of

the speed range. The rotor wa®-planebalancedo better than G2.5 specificatio

by a specialist balancing company. In order to achieve the requisite balance, material

was selectively removedom the eneplatesas shown irFigure47

Figure 47 Completed rotor

3.3 STATOR CONSTRUCTION

The statorcorewas sourced and manufactuiedhe samemanner as theotor core
using the same grade of cobalt iron (Vacoflux50) and manufactured using the same

VAC Stack procesgtigure48 showsthe bondedstator coreprior to winding

69



Figure 48 Stator core

The effective copper crosectional area required per turn was calculated to be
17.4mnt which corresponds to an equivalent single circular conductor of diameter
4.7mm. Manually winding conductors of this thickness in stator slots of the scale of
the demonstrator machine is not possible, in particular if a packing factor of 0.5 is to
be approached. In order to ease the difficulties of producing a practical winding wit
the desired crossectional area, the stator coils were wound by paralleling 49 strands
of 0.67mm diameter circular. This combination of the number and size of individual
wires was arrived at followonp windings trials, from whichvas observed that wire
diameters greater than 1mm were too difficult to manoeuvre precisely to produce a
neat and compact an-gitu winding. Each ptee winding, which consists of 5
separate coils was wound in a single pass with no terminations between successive

coils which makeup the phase.

70



The use of 49 parallel strands also has the benefits of minimising any AC winding
losses, which is a particular concern given the egdetstator design. The skin depth

at the rated fundamental frequency at 1.42 kHz is 1.75mm. The widewsse a
double coated polyester C200 grade with temperature class x€.200e strands
were taped together with a degree of transposition and wousiduinvith great
degree of careFigure 49 shows the stator paway through the overall stator
winding process. The blue nylon mandrel showrkigure 49 was used to prevent

the coils from being displaced into the airgap region during the winding process,
while temporary wooen forms were used within the slots to confine the coil being
wound to occupy no more than half the available slot esessonal area. Nomex
aramid slot liner paper with a temperature range up@2{as used to line the slots

to insulate the coils from the stator core.
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Figure 49 Stator winding part-way through manufacture

The machinewas instrumented with 8 thermocouplegescribed locationaround
the stator peripltg and along the axial lengtlas shown inFigure 50. The
temperature measured by the thermocouples were logged usihgtianal
Instruments TE095 rak mount adapter link to Labview wasanticipatedhat tre
type of flood coolingemployed wouldgive rise to varying temperature around the
stator periphery due to graviagnd noruniform flow due to the asymmetric location
of the coolant inlet ahoutlet In addition, some axial temperature gradient would be

expeced.
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Coil Thermo. location
Al Far end of the coil
A3 Middle of the coil
AS Near end of the coil
B2 Far end of the coil
B4 Middle of the coil
Cc1 Far end of the coil
c3 Middle of the coil

Far end

Near end, Inlet

Figure 50 Location of thermocouples
3.4 FLOOD COOLING DESIGN
The stator annulavoid is completely floodd with Aeroshell turbine oil 320],
which actsas the coolantThis grade of oil is electrically insulating to all practical
purposes and hasspecificheat capacity of 1670 J/kg &t 15 C. This allowsthe
coolant to be in direct contact withe individualconductors thatake up the stator
coils. A level of controlcan be exercised ovére cooling and hence thtemperature
of the coils by adjusting the flow rate of the coolasing the existing oitooling
system shown irFigure 69. This system includes a pump, an oil to water heat
exchanger, manual flow control valves and instrumentation for measuringdtew

and pressure.

The coolant is prevented fromtering the airgap and the roteoid by a thinwalled
cylindrical sleeve, whichsitsin the airgapSince the thickness of the coolahteve

increases theffective electromagnetic airgaminimising its thickness is beneficial
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in terms ofelectromagnetiperformance. The sleewveas manufactured from PEEK,
which is a high strength, high temperature and chemically resistamhoplastic
polymer[21].The manufactured sleewehich is shown irFigure51, is 0.92mm at
its thinnest but includes integral sletdges to addgidity to the sleeve and provide

location

Figure 51 Photos of the finished PEEK air-gap sleeve

This integration of slot wedges into the sleeve is novel and is the subject of a patent
application filed in 2015The thicknes of the ends of the sleebeyondthe region
occupied by the rotor and stator cavere increased to further increase mechanical
rigidity. A CAD drawing of the assembly of the sleeve and casing to create the
sealed region is shown IFigure 52. A total of four Orings wereused to seal the

endplates to casing interface and ¢belantsleeve to endplate interface.
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Outlet

Peek sleeve

Inlet

Figure 52 Cross-section of machine assembly

One consequence of flood codirthe entire stator void is the need to pass the
electrical terminations of the stator winding through a ligigtit seal connector.
Given the high current involved and the limited space available on the casing,
bespoke electrical connectors based on sigdeused on an earlier and smaller
prototype were manufactudeThe components which make up one electrical-pass
through connecter are shown Fkigure 53. The brassstud which serves as the
electrical connector itted with a pair of Nitrile Grings which seal on the bore of a
PTFE insulating insert. This PTFE insert is fitted with a further pair -oin@gs
which seal onto a cylindrical surface produced by boring out a commercial sealed

gland housing.

The variaus thermocouples which were incorporated into the stator were fed through
a commercial pasthrough connector (Model: MCHB83216-V manufactured by
Conax Technologigs The connetor, which is shown ifrigure54 employs aVviton

insert with 16 holes to seal each of the wires from 8 thermocouples
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Figure 53 Liquid-tight electrical feedthrough connectors

Figure 54 Liquid-tight thermocouple feedthrough gland

The coolantis supplte t o and from the stato¢rfit void
connectors. The coolaimlet was positioad at the base of the prototypad the
outlet at the topn order to avoid aipockets in the flooded region of the machine.

Figure55 showsthe completeassembly of the prototype.
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Figure 55 Complete assembly of prototype generator

3.5 EXPERIMENTAL TESTING OF THE PROTOTYPE GENERATOR

Preliminary testing of the prototype was carried out at Wmiversity of Sheffield
prior to it beingtaken to RollsRoycein Bristol to be integratethto ASTRAEAtest
rig. Thesepreliminarytesing comprised measurements agencircuit backEMF,

DC voltage at rectifier terminalsnder no load, resistance amdictance

3.5.1 MEASUREMENT OF MACHINE PARAMETERS

The lineto-line DC winding resistaces were measured using a Cropico D500
micro-ohmmeterand are summarised Table12. The predicted resistances used in

the design s@e (which consists of a summation of the individual coil resistance
including their own enavindings) show a relatively good correlation with measured
values, in all cases underestimating the measured values. The difference can be
attributed in part to imtrconnects between coils, to the giamt and to the terminal
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post, which were not accounted for the in the design phase. As shé&iwgure 56,
which shows an endn view of the various interconnects, these add a significant
copper length to the phaséndings, whichis difficult to reliably predict during the
design. The estimated additional length of these interconnectg4drBmm per

phase

Figure 56 View of interconnections and star-point of completely wound stator

There is a slight difference each phase additional length because of the relative
location of the phases and the terminations, which is consistent with the slight
differences in measured resistances of the threetdiire resistaces. The
calculated additional resistance contributed by these interconnect8.8fmy ,

which goesa considerable way to reconciling the differences between measured and

predicted resistance
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Table 12 Measured and predicted line-to-line DC resistance

Measured (mY) Predicted during design (mY)

Phase A to B 9.56 8.22
Phase Bto C 9.44 8.22
Phase C to A 943 8.22

The lineto-line inductance was measured at tmaximum machineelectrical
frequency of 1.42 kHzcprresponds td7,000rpm) usinga Hioki 3522LCR meter.

The measured lin®-line inductance consists ofegeral components of self and
mutual inductance as shown guation(9). The inductancemeasurements are
summarised in theTable 13 along with the corresponding lirte-line values
predicted at the design stage using magsgdtc finite element analysi$here is a
marked difference, which cannot be fully accounted for by interconnects. Potential

sources of this discrepancy is due to the presence of the magnets oorthe rot

0 b 0 ¢ ¢O © 9)

Table 13 Measured and predicted line-to-line inductance

Phase Ato B 65.4 52.1
Phase Bto C 65.4 52.1
Phase Cto A 65.4 52.1

The prototype waslriven at a series of constant speedps@tt by an AVL APA
101/20 DynamometeiThis has a nominal power rating of 120kW, watmaximum
speed of 2@00pm and rated torque of 120Nop to 10000pm (and constant

power characteristithereafter)
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An existing custonbuilt uncontrolled rectifier which isshown inFigure 57, was
used in the measurements. This is based ar@&smikron SKKE330F bridge
rectifier modules rated at 1700V and 458Ad which was designed for frequencies
up to 20 kHz. The diodes had a forward voltage drop of 1.8V at 300A at room
temperature (2&). The diode modules were cooled using a forcedaoted heat

sink.

Figure 57 1700V/450A uncontrolled bridge rectifier

3.5.2 EXPERIMENTAL NO-LOAD BACK EMF TEST

The lineto-line EMF waveform under opewircuit conditions was measured using

the N2791AAgilent Technologiesdifferential probes The measured linto-line

EMF waveform at 17,000 RPM is shown kigure 58. The peak value of the
waveform shown i230.4V.A comparison between the measured and finite element
predicted emf waveforms at 17,000 RPM is showhRigure59. As will be apparent,

there is a significant discrepancy in both the peak magnitude and shape of the two

waveforms. As noted in sectidh5.], the original FE simulated waveform is well
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suited for a machine connected to an umidied rectifier in which each phase
conducts only over the central 66f each 180 half-cycle. Hence, the significant
reduction in the magnitude of the emf measured over this interval will inevitably
result in a marked reduction in the power that cadddered by the demonstrator
machine. Given the extent of the discrepancy between the measured and predicted
emf, a feature of machine performance which can normally be predicted to a good
accuracy even with twdimensional finite element analyse sysematicstudywas

undertakero establish likely reasons for such a discrepancy.

{
\
<«<VIL \\
4 J \

Measure P1:max(C4) P2:freq(C4) P3:mean(C1) P4:mean(C2) P5:ms(C3)
value 2303V 1.4168242 kHz 24 mA 23705V 580 mA
v v v v v

Figure 58 Measured line-to-line back EMF at 17,000 rpm
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Figure 59 Simulated and measured line-line Back EMF at 17,000 rpm

The first factor investigated was the sensitivity of the-traensional finite element
predictions to the properties of the rotor permanent magnets. In the case of the open
circuit backemf, the property of most importance is the magnet remanendee In t
specification of permanent magnets, manufacturers often guatkieof remanence

and the energy produdn the case of the specific grade employed in the prototype
these values ar&.07T and 30MGO respectively.Figure 60 shows the predicted
variation in the baclemf waveform at 17,000rpm for remanence changdsQ#T

(in all cases for a fixed recoil permeabiliy 1.1) alongside the measured emf. As
would be expected, in the absence of any significant saturation of theadaitor

would suppress the peak flux, the change in remanence simply results in a

proportionate scaling of the emf with no change in form.
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Figure 60 Predicted variation in the Back-EMF waveform at varying magnet
remanence at 10195 rpm

Although the axial length of the core is not particularly short relative to the stator
diameter, an assessment of whether significant-effiedts were present was
undertaken by predicting the baeknf waveform using a full thregimensional
model The resulting waveforms are shownFigure 61, from which is can be seen
that there is little difference in form or magnitudes with peak values of efrG3vf

and 164V for the two and threedimensional models respectively. Arther set of
two-dimensional finite element calculations were performed for increasing values of
permeabilityof the magnet intepole regions(Hylomar ST724filler), but with no

appreciable sensitivity in the form of the emf waveform.
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Figure 61 3D-FEA simulated back-EMF at 10195 rpm

Having explored all possible elements of the model of the nominal machine
dimensions and included every minor geometrical feature, the role of théinglue
between the individual magnet segmentswnvestigated systematically using a
series of finite element models. As an examplgure62 shows a model in which

the same overall magnet pole dimensions are maintained, but thénghkieare

represented adiscrete0.3mm wide normagnetic regions.
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Figure 62 Magnet segmentation with glue-line width of 0.3mm

Using a series of models with increasing ¢line thickness the line-to-line EMF
waveform at 10,19%pm was simulated. Theesuling line-to-line emf waveforms

for glueline thicknesses betwe@nl and 0.3mm arehown inFigure63.
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Figure 63 The EMF for varying adhesive thickness between segments
compared with measured EMF waveform over 180 degrees electrical

It can be seen frorfigure 63 that with a gludine thickness of 0.3mm, there is a
remarkably good correlation with the measured and predicted EMF waveform in
both form and magnitudeNith a glueline as thick as 0.3mm, the net amount of

magnet removed comparaaa single piece pole 5% by volume.

Although the rotor magnets could not be inspected in detail because of the carbon
fibre sleeve which had been wad over the magnets, recourse to photographs taken
during construction, such as that shown Rigure 64, did demonstrate some
tolerance issues on the rattircan be seen from the clesp view that the magnets

a the edge have been made noticeably narrower in order to accommodate the
cumulative effect of gludines across the pole. Although it is recognised that the
arrangement ifrigure64 is not the same as uniform whdinagnet segments spaced

apart by @mm (as is the case in the modelFidure62) it is entirely possible that
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gluelines of the order of 0.3mm are present and contributing to igrefisant

reduction in the emf.

This level of sensitivity of the EMRwvaveform to magnet discretisation and
tolerances has not been observed in literature, and in part is a consequence of the
careful refinement of the waveform @hapter 2to best meet theather specific

needs of an uncontrolled rectifier, i.e. the presence of a signifithmarmonicas

shown in the FFT analysis Figure65.
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Figure 64 Photograph of rotor highlighting reduced width of segments
at pole edge
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Figure 65 FFT analysis of the measured and simulated emf at 10195 rpm

3.5.3 ON-LOAD TESTING WITH DIODE BRIDGE RECTIFIER

The prototype machine was tested with several discrete values of load resistance
connectedo the rectifier output to measure some key points on the rectifier output
V-1 characteristis. Figure66 shows the measured 6 poiaits17,000rpm along with
predictions from electric circuit coupled finite elerhesimulations using both the
original design stage emf waveform and inductanceskpitd parametersandthe

actual emf waveform anthductance (pogbuild parameters which includes end
winding inductances)Also shownin Figure66 are30kW and 50V constant power
contours. The slope of the linear section of thedharacteristic is governed by the
impedance of the machine, cabling and rectifier, which is dominated by reactance at
this frequency. The equivalentactance that can be inferred from the measured
characteristiés 0.30¢ ,  w Is in ceisonable agreement witle calculatedralue of

0.29v.
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Figure 66 Comparison of the simulated and measured |-V curve of the
machine at 17000 rpm

Figure 67 shows the rectifier oput voltage and current waforms along with
machine phas@ current andphase Ato-B voltage at a load point corresponding to

a rectifier output power of 30kW at 17,000rpRigure 68 compares the measured
and simulated winding phase current at this 30kW operating point. The measured

current corresponds to an rms current density in the stator c@ila/afin?.

89



S

D T T T T T T T
g 250} g
=)

>

T

[0}

c

= 160 N\ B

< 100} A
(=

£

S 50k .
(O]

@

@ 0r —
=

o

g -50 - -
5

£ -100+ -
=

(&)

Q

o 1950 — 7
; DC Current

o8 2001 DC Voltage il
o Phase current

E 250 F Line-line voltage .
o 1 1 1 1 L 1 1
o 0 100 200 300 400 500 600 700

Electrical angle (deg.)
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measurement at 30kW, 17,000 rpm operating point
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Figure 68 Comparison of simulated and measured winding current at
30kW, 17000 rpm

As will be apparent from # V-l characteristics, the significant reduction in emf
arising from the gaps between magnets dictate that the machine cannot meet the
50kW specification test point and hence testing could not be performed at this

operating point.

3.6 THERMAL MONITORING DURING TESTING AND ANALYSIS

A block diagram of the componerasd subsystemused for the thermal testing is
shown inFigure69. The main elements consist of the Control Technidu@swald
dynamometerthe LP generatorunder testan uncontrolled rectifier, resistive load

banks, oil cooling unit and water chiller.

91



— Oil
=== \Water

Electrical
Connection

[

Flow rate sensors & RTD Inlet
and Outlet temperature
sensors

¥

with LP Generator Rectifier Banks

e |
[ TR L

Oswald Dyno coupled Diode Bridge Resistive Load

Figure 69 Generator thermal testing rig

All testing was performed with Aeroshell No. 3 turbine oil as the cooling oil. The

tempeature, flow,currentand voltage sensors within the ASTRAEA rig are:

1 Machine winding temperatures: The windings are instrumented with 7 K

Type thermocouples around the stator periphery at various positions in the

coils of each phase as defined previouslgection3.3.

1 Machine casing temperatures: A K-type thermocouple bonded on the

machine outer aluminium c aswayajongat

the stator core.
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1 Inlet and outlet oil temperatures: RTD temperature seonrs were used to
measure the inlet and outlet temperatures of theDai¢ to the layout of the
testrig, thiswas at 2.3m away from the machine.

71 Oil flow rate: Oil flow rates were measured usiagurbine flow rate sensor
which waslocated at thesame dstance away from the machine as the RTD
temperature sensors

1 Ambient air temperature: The ambient temperature in the cell measured
using a KkType thermocouple. During the test period, the ambient

temperature was typically ~°€.

1 Water chiller set-point: The water chiller was set to the ambient
temperature ~9C. This was controlled with a hysteresis band on the water
outlet temperature ith a maximum of 19C and minimum of 7.58C.

1 Testrig integrated DC current and voltage sensorsThe rig incorporates
average DC voltage and curresgnsors, whiclveredatalogged. Additional
measurements of current and voltage were taken using a digital oscilloscope
recording independently at a much higher sampling rate.

A series of test were carried out at a fixed sp&etl7,000 rpm. For each test, the oil

flow rate was set to a nominal value at the outset of the test by adjusting a manual
by-pass valve in the oil cooler to a particular setting. However, the flow rate for a
given valve setting changes during a test a&sdth warms up due to significant
changes in viscosity. The safety protocol for using the test rig precluded access to the
test cell when the machine was rotating above 5000 rpm. As a consequence, for the
test at 17,000 rpm, it was not possible to entercill to regulate the oil flow during

a single test run, a process which normally involves manually adjusting a bypass

value on the oil cooler. This restriction on finming the valve setting when the
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machine was near steadiate leads to oil flow ratbeing a measured quantity
during the steadgtate phase of test rather than being a precigeogt which is
controlled during the test. This said, the drift in oil flow rate during a test due to
changes in oil viscosity did not prevent a useful sprefail-flow rates to be
achieved. The maximum flow rate achieved during testing was ~6 I/min at an oll
inlet temperature of 32C. The minimum oil flow rate of ~0.23 I/min was limited by

the specification of the turbine type flow rate sensor in theitgst

The combination of the thermal mass of the machine and the change iraféeow
with oil temperature means that a typical tests takes453Mins to reach thermal
steadystate. A test was deemed to have reached stath/ wherthereis less than

0.5%temperature rise in 5 minutes

At the start of each test, the li@line voltage was measured along with the
ambienttemperaturdo provide an estimate of the magnet temperature. This voltage
is proportional to the baekmf and hence magnet remanenthis provides a
reference emf which can be used in combination with the magredficient of
remanence-0.03%% per°C for the grade of Spo:7 used in the demonstrator) to

obtain an estimate of the average magnet temperature.

Digital oscilloscope measurants ofthe lineto-line voltages, winding current, DC
voltage and DC currenwere logged every five minutes manually and recorded to a

data file using the remote logging feature of the oscilloscope.

The maximum resistive load (minimum resistance) alkbeladuring testing was
0.72N. This load corresponds to machine output power of 30 kW but ultimately
limits the maximum current density in the windings to 8.9 Afmasulting in a

predicted copper loss of 475W
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3.6.1 THERMAL STEADY-STATE TEST RESULTS

A seiies of D test runs (TR) were completed at various current densities and flow
rates, all at a fixed speed of 17,000rpritable 14 summarises the steadyate
measurements at flow rates ranging from 0.27 to 6 I/min atrdwtemnsities of O (i.e.
rotation under openircuit), 3, 7.7, 8.9 A/mrh Figure 70 shows the difference in
temperature between the oil inlet and outlet as a function flowFagere 71 shows

the maximum coil temperatures (as inferred from the highest temperature reading of
the array of 7 thermocouples) as function of flow rate at each of the designated
current densities. To increase the maximum temperature in the machaiags at

the current densities attainable, the flow rate was reduced to the minimum possible

value of 0.23 I/min, a flow ratihatis well below that anticipateid service

Table 14 Summary of test run results at 17,000rpm

Test Jrms | Flowrate |Inlettemp. Outlet [T o | Max. coil
Ref. |(Amm?) | (I/min) (°C) temp. (°C) | (°C) |temp. (°C)
0 A/mm?
TR1 0.0 0.27 29.9 44.4 14.5 51.6
TR2 0.0 1.75 23.8 30.8 7.00 29.8
TR3 0.0 3.61 23.9 28.5 4.60 26.9
TR4 0.0 5.33 23.9 27.1 3.20 25.8
3 Almm?
TR5 3.0 0.28 30.5 49.1 18.6 60.8
TR6 3.0 1.91 25.6 33.3 7.70 34.7
TR7 3.0 2.96 25.1 31.4 6.30 31.6
TR8 3.0 5.25 25.1 29.1 4.00 29.0
7.7 Almnt’
TR9 1.7 0.88 31.3 57.0 25.7 71.8
TR10 7.7 2.23 315 46.1 14.6 55.3
TR11 7.7 3.56 31.3 41.5 10.2 48.6
TR12 7.7 5.90 31.6 38.6 7.00 44.0
8.9 A/mm?

TR13 8.9 0.45 32.3 75.1 42.8 105
TR14 8.9 0.78 33.1 67.0 33.9 88.0
TR15 8.9 1.57 33.9 56.9 23.0 71.6
TR16 8.9 2.39 35.1 52.1 17.0 63.8
TR17 8.9 3.68 33.3 45.2 11.9 54.3
TR18 8.9 4.40 33.6 44.0 10.4 52.5
TR19 8.9 6.00 32.0 40.0 8.00 48.0
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Figure 70 Temperature difference between oil inlet and outlet as a
function of flow rate at a series of rms current densities
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Figure 71 Maximum coil temperature as a function of flow rate for
varying current densities (maximum taken at highest reading from the 7
thermocouples in the coils)

Figure 72 shows a typicatemperaturd¢ime profile for the machine windingThis
particular profilecorresponds to maxum curent density of 8.84/mm? and a flow
rate of 0.45 I/min (TR13. The speedvasincreasd from 0 to 17000rpnstartingat
~127s.The load steps applied at243 following which thetemperature riseto
steady statby ~2365, a period ofessentiallysteadystate operation (from2365 to
292@) followed by the removal of the load and subsequent reduction of the speed
back to standstillin Figure 72 the designation ob Ne&a r oOavni dd 6 nRher 6
thermocouple labeltig indicates theaxial location relative tahe oil inlet. The coill

labelling, e.g. C1, refers to the designation showkiguire73.
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Figure 72 Measured temperatures within the machine for TR13 (see
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Figure 73 Location of the coils around the stator
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There is quite a significant variation in the temperatures measured by the
thermocouples that are buried in the stator coilsddddrsteadystate conditions, the

t hermocoupl e 0 P hteesmaximimtethperatire af L@ whiehss

25°C higher than the lowest measured thermocouple temperature (Phase B C4 Near).
This corresponds to a spread 4% in the temperature rise frome nominal

ambient of19°C.

From the location of the thermocouples, it would be expected that there is some
variation in the temperatures measured, e.g. thermocouples located closest to the
inlet would be expected to measure lower than those neareutls. Figure 74

shows the measured temperature of each thermocouple for varying flow rates. The
spread in thermocouple temperature across the stator was more significant at low

flow rates (i.ebelowl1.50r so) ad gradually decrease as the flow rate increases.

On inspection of the measured results, there is no obvious and systematic logic to
correlate location with measured thermocouple temperature. For exd&hpke A
C5-Nearis at a higher temperature thanaph CC3-Far despite being nearer the

inlet.

This apparent lack of correlation may be a consequence of one or more of the

following factors:

1 The coils are manually wound and no two coils will be matched with any
great precision.

1 Flow imbalance due to vamis localised flow inhibitors, e.g. stpoint
connection and the interconnection between coils.

1 Difference in volume of the voids at the inlet and outletwenaling regions.
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Although the above may contribute to some degree, the major difficulty in
perfaming these measurements is that the localised temperature is likely to have a
very high spatial gradient on a scale comparable with the sensing element of the
thermocouple. As an example, there is likely to be a significant temperature
differencebetweenthe flowingoil, which is close to the conductor surfaeed the
conductor surface. The exact location of the sensor element (on a scale of fractions
of millimetres) will therefore have an effect on the temperature recorded, which may
account for much ahe variability between different thermocoupl&hese gradients

will be much greater than the gradients present in a fully encapsulated coil where
thermocouple measurements are far more representafivéheo entire local

environment.
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Figure 74 Coil temperature relative to flow rate at 8.9Amm-2
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3.6.2 PREDICTION OF COIL TEMPERATURES AT HIGH CURRENT DENSITIES
Post processing analysis of the recorded temperature and flow rate measurements

were carriecbutto predict the coil temperaturasa higher current densityAn array
of curve fitting techniques were used to derive equations for the s;igeire 70
and Figure 71, the difference in maximum coil teragature and the oil inlet
temperatureas a function offlow rate As mention above, there is a spreadha
temperatureise of the coilsmeasured and therefore the maximumaswsed as the
worstcase valueFigure 75 shows the pedictedtemperature rise in the coil relative

to the oil inlet temperature.
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Figure 75 Predicted temperature difference of oil inlet and maximum coil as a
function of current density for the prototype machine
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Chapter 4 THERMAL CHARACTERISATION OF STATOR
FLOOD COOLING METHOD

4.1 INTRODUCTION

High performance electrical machines which rape with current densities of
10A/mn? or greater generally require some form of ligoabling to achieve
sufficient levels of heat transfer to remove lieat generated by various components

of losses. In high power density permanent magnet machines, the majority of these
losses will be produced in the stator windings due to the characteristically high levels
of RMS winding current. By way of example, aetrated 50kW operating point of

the generator described in sectihb.2 the copper losses comprise saB36 of the

overall 1.4kW loss. As a consequence, ligtgdoling arrangement are primarily
designed to extract losses rfrothe stator coils in order to minimise localised
temperature hot spots since such these often tend to be the limiting factor on

achievable power density.

With regards to heating of the rotor, this can be caused by a combination of losses in
the rotor iself or heat transferred from the stator. Losses in the magnets can be
relatively high if preventative measures are not taken at the design stage, principally
by segmenting the magnet pole. This was done in the design stage oftttgppro

as discussed i@hapter 3 Therefore, no additional cooling system was required for

the rotor to maintain temperatures to sustainable levels.

There are several arrangements of liquid cooling and various strategies that have
been investigatedn literature. The most common approach of liquid cooling
reported in literature is the use of a licgedket[22-25]. This is effectively a liquid

cooled heatsink integrated into the stator casing in close pitgxtm the outer
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surface of the stator core. Liquid is circulated from one end, through a defined spiral
path around the machine and exit at the other end. The liquid channels are optimised
to maximise surface area in contact with the stator core. Scehmipiary analysis

was performed on this type of cooling for the reference generator design as
previously described in sectioh6.1 This provides a straightforward means of
confining the liquid and providing clear separatioom the electrical parts of the
machine, allowing the use of a wide range of liquids, e.g. vegyeol, oil etc.
However, it does rely on conductive heat transfer across the winding and stator to the

casing[23].

Refinements to this arrangement which allows the liqoibde in direct contact with

the outer surface of the stator core is referred to as direct cdalihg Further
improvements in the effectiveness of the cooling have been made to this approach by
incorporating cooling channels in the back irorthe stator core as reported [2y].
However, this comes at a cost of reducing the flux carrying area of the stator core.
This would not be feasible in the electromagnetic design proposed in chapter 2

because thback iron was, by design, thin and operating at its flux density limit.

A recently proposed strategy in literature, is to incorporate cooling channels within
the slot between adjacent coils and at the top of the slot (close to the §2&jap)

This provides a good approach for ensuring that therggotiedium passes close to

the hottest regions of the coil. The channels are made of moulded thermoplastics
produced by 3D printing. The authors report a significant improvement when
compared to a conventional wajacket cooling. However, the drawback this

type of cooling is that it significantly reduces the slot area available for the

conductors and hence increases the current density.
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In order to minimise the thermal resistance between the individual conductors and
the coolant, thermally conductive fiag compounds are often employed to fill
voids within the colil, with typical thermal conductivities in the range of-0026
W/miK. Recent developments have resulted in new compounds with much higher
thermal conductivity such as Durapot 865 and Therin@&®420 which have
thermal conductivities of 1.7 and 3.2 WKn[29, 30] respectively. Increasing the
thermal conductivities of potting materials is however achieved at the expense of
diminishing other properties such as viscosity, temperature limit, durability and
reduced dielectric strengthh& analysis of the cooliAgcket in chapter 2 shows that

this type of cooling is not adequate for this design at the rated power operating point.

The arrangement with cooling channels within the slot as shovgure 76 was
investigated for this application. This approach was shown to be more effective but

penalises the sldill factor which is undesirable as the current density increases.

Conductor

Stator Core

Cooling
Channel

Figure 76 Liquid-cooling arrangement with cooling channels in the slot

Another approach reported in literature, is locating the coolant channels within the

body of alternating teeth. It was reported that a 10% improvement inothieng
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performance in thelot region was achieved when compared with a standardhgooli
jacket[31]. The author also reported that the magnets were 50% cooler by flooding
the airgap region with coolant. However, it was unsurprisingly noted that drag losses
to the viscosity of the oil was drawback which could limit this latter approach to

low-speed applications.

Figure 77 Cooling approach proposed by [31] with channels in alternating
teeth and flooded airgap (yellow regions indicates fluid zone)

Spraycoolingof both the rotor and stator @@mmon in high performance machine,
and indeed its the mainstream approach which is currently adopted in conventional
woundfield aerospace generat¢82, 33] In this type of generator, it is necessary to
both cool the stator coils and the rotor coils and rotating diodes. The oil spray is

produced-sby nag leerdoosbdit t

In some machines, the individual solid conductors have sufficient -seac$®n
enough to accommodate a cooling chariBd]. However, this approach mmore

suited to larger electrical machines on the MW scale with modest fundamental
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frequencies rather than high frequency aerospace generators in the tens to hundreds

of kW power range.

The liquid cooling approach that was adopted for this design, isbimesge the

coils within a flow of coolant which passes through the stator from thelnes end

to the drive end. A brief analysis of the effectiveness of this type of cooling was
described at the design stage in chapter 2 and a schematic of the arranigeme
illustrated inFigure 39. The cooling channel was effectively the slot cresstional

area remaining after achiengj a coil packing factor of 0.&nd slot liner area. The
endwinding are also subject to coolant flow. Thypé of arrangement is arguably

the most effective type of liquid cooling in terms of maximising the direct surface
contact between individual conductors and the coolant. However, when compared
with the conventional approach of filling that unoccupied aleta with some form

of potting or encapsulating compound, the mechanical performance of the coil may
pose issues, particularly with vibration and abrasion of the insulation. The wire used
for the coils has a double coat of polyamidede and polyesterimi that is
resistant to; chemicals, solvents and[88]. The drawback of directly exposing the
coils to the coolant is that it limits the range of coolants that can be used, in

particularit precludes the use of watglycol.

4.2 ESTIMATION OF WINDING TEMPERATURES USING MOTOR-CAD

The geometry of an individual slat the demonstrator machine is showrigure
16. The overall slothas a crossectional area of 3481 and contains 490
conductors of 0.6Mm diameter. Thigives a net packing factor of 0.5he heat
transfer coefficients for thi slot arrangement was calculated using théuik

functions in MOTORCAD which in turn are ba&s on the correlation formulae
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method proposeih [36] andby Schuberf22, 37] The inpu parameters required for
a given slot dimensions atiee sizeand the numbenf conductors in the slot (which
are assumed to be circulagmbient temperatur@jl inlet temperaturevolumeflow

rate, specific heat capacitthermal conductivity, densitykinematic and dynamic

viscosityandPrandtl number

The total surface area of the conductors, stator tooth and stator slot bottom were
0.843, 0.012 and 0.0162mespectively. The relative magnitudes of these surface
areas demonstrate the potential foriagimg very effective heat transfer from the

coil by exposing the entire conductor surface area to the coolant as distinct from a
small surface area with a coolantFigure 78 shows the variation in the resulting
calculated heatransfer coefficient as a function of flow rate for the demonstrator
slot. The external surface of the casing was assigned a heat transfer coefficient of 6

W/m?-K, a value which is representative of natural convection.
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Figure 78 Calculated variation in HTC as a function of flow rate for the
reference slot with a packing factor of 0.5 (490 conductors of 0.67mm
diameter)

The fluid properties of the coolant used are summarised in

Table 10. The inlet terperature of the coolant was assumed tcaban ambient
temperature of Z%. The coolant was modelled as entering from thedrore end

and exiting at the drive end. This arrangement was selected on the basis that the non
drive end would have higher coppkss because of the contributidrom the

interconnections between individual coils and the Stairt.
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Table 15 Fluid properties of the oil

Properties Value
Thermal conductivity 0.149
Density 986.9
Specific heat capacity 1926
Kinematic Viscosity 3.918e-5
Dynamic Viscosity 0.03867
Prandtl Number 499.8

In order to obtain a direct comparison with the experimental results, a specific
operatingpoint was simulated with a flow rate of 1.37l/min aodpper lossesf
1000W. The resulting predicted temperatures at locations within @esonsof

the machine are shown KFgure79. The maximum winding temperature, which is

predicted tooccur, was 70.3C in the endwindings with an aveage winding

temperature of 63°€.
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Figure 79 Temperatures across the machine at 12000W of copper loss only and
a flow rate of 1.371/min

4.3 THERMAL TESTING USING DC EXCITATION

A series of thermal measurements weesadibed in deiil in Chapter 3with the
machine operating at a series of load points. However, the exact overall losses
present in the machine at these operating points had a degree of uncertainty, caused
largely by the contribution of lossevhich are complex to quantify experimentally,

viz. mechanical windage losses, bearing losses, core losses, and windirg eddy

current losses.

In order to provide a more controlled loss in the machine for thermal
characterisation, a series of further thaknexperiments were performed with
machine at standstill and with the windings supplied with precisely controlled DC
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current. Under these conditions, the copper loss can be readily established to a high
degree of precision by straightforward measuremeBtturrent and voltage. With
this accurate measure of the overall losses, the thermal performance of the flooded

stator design can be more accurately assessed.

The proportion of copper losses removed by the oil coolant can be established from
the tempertre rise in the oil at a given mass flow rate. This assessment of the

effectiveness does not rely on the array of thermocouples in the winding.

Since the stapoint was terminated inside the machine, it was not possible to
independently set and control ethcurrent in the individual phases. The star
connection requires that the controlled DC current passes through two phases at any
given time. To ensure equal copper losses in each phase, the pairs of phases through
which currentflows were periodically roted in sequence using a series of high
current relays controlled by a programmable Arduino contrdfigure80 shows the
switching relay rig with four contactors and connections. These four contactors allow
current to be cyclethrough all three possible combinations of phase pairs, i&. A

A-C,and BC.

The rate at which the current is cycled through the phase combinatiohsais a
compromise bcause of low switching frequency rating of the contactacs the

thermal time constamtf the machine.
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Figure 80 DC current switching rig

The motor was positi@d in an upright orientation on a small wooden stand as
shown inFigure 81. An additional flowrate sensor was introduced intiwe oil
system (recalling that previous -tmad machine oil flow rates were measured by a
sensor in the ASTRAEA tesig). This was calibrated isitu using a weighing scales

and a timer.
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Figure 81 Prototype machine during testing
4.4 EXPERIMENTAL RESULTS
Testswere carried out at a combination dftlifferent oil flow rates and DC current
levels. Figure 82 shows typical winding temperatures measurements, the specific
case being for a DC supply of 200A and @il flow rate of 2 I/min with current
cycled between phases every 10 seconds. It is interesting to note that even with 10s
cycling, there is a reasonable degree of ripple in the measured temperatures of the

thermocouples as they respond rapidly to thenge in localised power dissipation.

The results from different tests (designated as i T7) are summarised ifable

16. In all case, the measured DC voltage showrTable 16 is the value when
steady-state temperature was achiev8tkadystate temperature wasetwhen there

was less than°C rise overa 300s period. The temperature was taken as the average

over the lastfew cycles.
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Figure 82 Winding temperatures with switching every 10s

Table 16 Experimental results for various currents and flow rates

Test reference number
T1 T2 T3 T4 T5 T6 T7

DC Current (A) 100 200 100 200 100 200 300

DC Voltage (V) 1.00 2.06 1.00 2.05 0.99 2.03 3.33

Coil Losses (W) 100 412 100 410 99 407 999

Flow rate (I/min) 1.95 2.13 3.04 3.03 3.96 4.01 1.02

Oil inlet

. 27.40 | 31.35 | 27.96 | 31.25 | 27.62 | 30.25 | 35.64
temperature (iC)

Oil outlet

, 27.84 | 36.04 | 28.72 | 34.67 | 28.26 | 33.03 | 51.46
temperature (i C)

Oil DT (iC) 0.49 4.69 0.76 3.42 0.64 2.79 | 15.82

Max. Winding

. 29.10 | 43.34 | 30.72 | 41.97 | 30.20 | 39.41 | 74.77
temp. (iC)

The measured temperature rise in the oil can be compared with the value obtained by
assuming that all the losse&reremoved by the oil coolant. For the idealisede

in which no loss leaves the machine through other means (e.g. via conduction and
convection through the casing) then the temperature rise between inlet and outlet

under steadytate conditions is given by:
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The specific heat capacity of the Aeroshell oil used in the testing is temperature
dependant as shown rable17. As will be apparent there asdifference of some
32% over a 0145 C temperature range. This was aatted for in the calculation

of the temperature rise using equation 10

The resulting predictions of temperature rise in the oil from equation 10 faf the
testpoints (T1-T7) are shown inTable 18. As would be expeted, thecalculated
temperature rise is greater than tima¢asuredusing equation(10) in all cases.
Typically, these comparisons indicated that some 75% of the losses are removed
directly by the oil coolant into the external heachanger with the remainder being
dissipated from the casing (which could include transféine enepblates and tubular

section of the casing via the oil).

Table 17 Specific heat capacity of Aeroshell turbine oil 3 for varying
temperature at a density of 875 kg/m?® at 15xC i supplied by Shell Corporation

Temperature Specific heat Temperature Specific heat
({®) capacity (kJ/kg.K) (19 capacity (kJ/kg.K)

0 1.928 75 2.251

5 1.949 80 2.272

10 1.971 85 2.294

15 1.992 90 2.315

20 2.014 95 2.337

25 2.035 100 2.358
30 2.057 105 2.380
35 2.078 110 2.401
40 2.100 115 2.423
45 2.121 120 2.445

50 2.143 125 2.466

55 2.164 130 2.488

60 2.186 135 2.509

65 2.208 140 2.531

70 2.229 145 2.552
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Table 18 Comparison of measured difference in outlet and inlet temperature
and value calculated assuming that all the losses are removed by the oil

Test Mafztl;low S%eetgflc Losses Mea;t¥ed Cal cul at
point | 4qls) (/kgiK) o) (iC) g

Tl 1.71 2040 100 0.49 1.36

T2 1.86 2080 412 4.69 5.11

T3 2.66 2040 100 0.76 0.97

T4 2.65 2075 410 3.42 3.93

T5 3.68 2040 98.9 0.64 0.79

T6 3.69 2060 407 2.79 3.21

T7 1.37 2251 999 15.8 19.4

The first set of results showed a large margin of error and therefore a systematic
check was carried out to verify tflew rate sensoreadingsA calibrated sensor was
installed in series to measure the actual flow rate. The findingea mismatch in
reading at the lower end of thenge, whichgraduallyconvergeas the flow rate
increased Figure 83 shows a plot of the actual flow rate against tieé sensor

measurements
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Figure 83 Verification of measured oil flow rate
4.5 COMPARISON OF EXPERIMENTAL AND PREDICTED TEMPERATURES
The results of test run no. (47) in Table 16 were used as a basis for verifying
predictions from the Mote€AD model. The model was simulated with the
equivakent copper loss, flow rate, oil inlet and ambient temperaturd, fimd
properties of test run {T7). Table 19 shows a comparison of the measured and
predicted winding temperatures, in which the measured maximum correspoinels to t
highest temperature measured by any of Zhinermocouples while the average

measured coil temperature correspotods/°C.
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Table 19 Comparison of predicted and measured temperatures for T7

Predicted by
Temperature MOTOR-CAD Measured
model
Max. Winding temperature ( C) 84.5 74.5
Average winding ( C) 78.1 66.9

There is some uncertainty to whether the thermocouples buried within the coils are
measuring true copper temperature or the oil flathin the localised region. The
temperature gradient over a small area can be large due to the dependency on the

localised flow rate.

The change in coil resistem from a reference measuremeaken at a known
temperature provides an independent method for inferring the average coil
tempeature. For this purpose, the temperature coefficient of resistance for annealed
copper of 0.003°C?! was used. The lin-line resistance was derived from
measurements of DC current and DC voltage, which were made to 3 significant
figures. With a tempature coefficient of resistance of 0.0039! then the average
temperature of the coil cannot be resolved below a resolutionl@5C, i.e.
0.005/0.0039. Using Equatiof®) and the values summarised Table 20, the
inferred average coil temperature was G9t1.25C, which is in reasonabl
agreement with the value of &7 inferred previously irrable 19 from the average

of the thermocouple measurements.

118



Table 20 Summary of the values used to estimate the average winding
temperatures from resistance (usingT7 measurements)

Parameters Values
Voltage at the terminals (V) 3.33V
DC Current (A) 300 A

Resistance i calculated from measured current

and voltage (Y) 0.0111
Resistance measured at 20°C (Y) 0.0096
Temperature coefficient of resistance (°C) 0.0039
KT T Calculated using Equation (6) (°C) 39.4
Average winding temperature (°C) 59 +£1.25°C

4.6 CONCLUSIONS

The ligud jacket, inslot channel and flooded stator cooling approach were evaluated
using MotorCAD. The liquidjacket and imslot channel cooling were shown
throughthese calculation® beinsufficient interms of maintaining localised peak

coil temperaturesddow 200C. The flooded stator approach proved very effective
and provided adequate headroom to redesign a smaller machine for the same power

requirements
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Chapter 5 COMPARATIVE ANALYSIS OF COPPER AND
ALUMINUM WINDINGS FOR HIGH POWER DENSITY
ELECTRICAL MACHINES

5.1 INTRODUCTION

Copper ishy far the most widely used material for electrical machine winding
conductors due to its high electrical conductivitie only othematerial, which is
sometime useds Aluminum. Copper has an electricabnductivitythatis 1.6 imes
greater thamluminium. However, Aluminium only has a density 2700 kg/ni as
compared to 8900 kgffor Copper. Hence, Aluminum has a significantly higher
specific conductivity than copper, with values1#963Sm/kg and6517 Sm/kg

respectively.

The prototype machine desigtescribed in chapters 2 andwés tailored tothe
requirements ofin uncontrolled diode bridge rectifier and tiesultingdesignhas

very small crossections of core with large slot aredsis was a result of the
optimizaion to minimize the inductance as explained in more detail in chapter 2.
Therefore, the majority of the stator mass and the machine as a whole was dominated
by the weight of the conductors. For this reason, aluminum becomes attrathiige in
particular aplication where minimising weight is important. This chapter
investigates the tradeoff between increased electrical resistance and weight savings

to enhance thpower density

5.2 ALUMINUM AND CoPPER CONDUCTORS

Although Auminum isoccasionally considere@ls a option tocopper in low cost,
low performance motor88], copper has remaga by farthe most popular selection

for high performance machines. This is due to thermal management considerations
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as copper producdsss losger unit volume of stator winding Aluminum has also
been explored as an alternative to reducing the AC winding loss where this is an

issue at high frequenci¢39, 40}

The disadvantages dfluminum conductors in electrical machinage the lowe
electrical conductivity, higher thermal expansion andiore complex termination
requirement However, Aluminum has several advantages when compared with

copper in electrical machines:

1 More than 300% lighter than copgefhis is attractive in applicaths where
mass is critical.

1 ~2540% thecost of copper per unit volume

1 Double the thermal heat capacity of coppérhis is important for transient

overload conditions

The authors of41] has shown that a dire substitution of copper with aluminum
while maintaining the same resistivity of the coil doed show improvement in
weight savings. The study carried out [#1] was carried out using a more

conventional desigwhere the mass of the stator annular is dominated by the core.

Table21 shows a comparison of the key material properties of Al and@e.of the

major issues surrounding aluminum conductors was the integtite ¢érminations

Table 21 Key material properties of copper and aluminum

Properties Copper Aluminium
Density (kg/m?) 8900 2700
Resisti wiof)y ( Y/ 1 1.72 2.83
Temperature coeff. (/xC) 0.0039 0.0043
Specific heat capacity (J/kg.K) 385 913
Thermal expansion coefficient 16.6 22
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5.2.1 OXIDATION OF ALUMINIUM CONDUCTORS

Aluminum oxidisesreadily in airat room temperaturand forms anelectrically
insulating oxide layer on exposed surfacesThis can significantly increases the
localised resistance ofany contacts between coils and terminations posts /
connectors,which could lead to excessivelocalised heating. However, new
technques are emerging terminateAluminum conductorseliably, with two of the

most promising beingltrasaic welding and cold pressureelding[42] .

Although the uncontrolled oxidation of Aluminium is a problem in terms of
terminations, there is considerabilesearchand development directed atilising
precisely controlled oxidation to forra reliable and repeatablasulation layer.
Although only capable of withstanding modest turn to turn voltages (typi@ally
17.7kV), this can be adequate for many machine applications and has the advantage
of having high temperature capability. As axample, ANOFOL, has produced
anodised aluminium strip coils that can operate up toX&0singthe aluminium

oxide insulation[42] with a typical breakdown voltage afp to 20KR/. Another
advantage of Aluminium oxide as an insulator is that it has a higher thermal
conductivity than a polymer insulation suchpméyesterimidewith typical values of

ranging16.6- 36 and0.15 - 0.5W/m A Kespectivel\j43].

5.3 MACHINE DESIGN OPTIONS USING ALUMINUM WINDINGS

Directly substituting copper condwecs with aluminum windings has several
implications to the design of the machifidwe method in which these implications
are dealt with or utilized can vary depending on the application and the design

objective.There are two design choices that are abkldased on the application:
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The copper and aluminum variant can be designed to have an equivalent resistance.
This would require the aluminium variant to increase the volume of the slot area.
Consequently, this increases the stator outer diameter andeaslt, the stator core

crosssections.

This optionwould be necessary where efficiency is a vital design objeatidavill

not be beneficial where both efficiency and volume are botistrained

There is also the option of maintaining constant mas$®oth the copper and
aluminum designThe weight saved by the aluminium variant can be redistributed to
increase the performance and hence, power defi$ity.option will be investigate

to increase the power densitiythe prototypedesign

There arewo methods in which the active mass can be redistributed; by increasing
the stator bore and outer diameter or by increasing the axial length. A trade study
was carried out to investigate which approach is more beneficial for the prototype

design.
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5.3.1 AL DESIGN WITH INCREASED AXIAL LENGTH TO MAINTAIN EQUIVALENT
MASS

An audit d the active mas®f the prototypemachine is showin Figure84. As is
apparent, irthis designthe windings accoustfor large proportion of th active
massin comparison to many machine designs, due to a combination of employing
Cobalt Iron and operating the core well into saturation in order to maximize power

density (as discussed in detail in sec2o?).

W Stator Laminations M Rotor Laminations m Magnets = Windings

Figure 84 Proportions of the active mass component of the prototype

A simple directsubstitution ofCopper withAluminum windingwith all dimensions
remaining fixed wouldeduce the mass of the winding by 70% and the overall mass
by 27%. However, this wouldesultin an increase in the ohmic losses in the winding
by a factor of at lea$i4% If the increased temperature risereaccounted for, then

this would increase by an even higher factor.

An alternative substitution strategy is &place the winding and increase the axial
length of the stator core and rotor to yield the same overall mass as the original
baseline Copper design. However, in order to do this consistently, the various
contributions to the winding mass must be separatgdas they scale differently

with the stator core length. Furthermore, iaorease in axial length aftator core
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will result in a proportionatécreasan the back EMFper turn. In this application,

the opercircuit voltage producelly an extended axiééngth machine with the same
number of turns wald exceed the limit of 270WC input to the DEDC converter

The increase in axial length will therefore require an adjustment in the number of
turns to remain within the 270V DC limit. A reduced numberwhs offers the
scope to increase the cressctional area of each individual turn if the same coil
packing factor is to be achieved. Again, it is necessary to separate out the various
contributions to the winding mass to establish the effect of chaniggngumber of

turns Table 22 summariseghe scaling factors of the mass and resistance of the

various winding components with axial length and the number of turns.

Table 22 Scaling factors of the mass and resistance of the winding
components with axial length and the number of turns

Scaling factor with stator Scaling factor with number

Component core axial length of stator turns (Ny)*

of winding : i

Mass Resistance Mass Resistance
Section
C(_)nt_alned © i 6 i Remains fixed 6 ﬂ
within stator 0 0 i
slots
End sections Remains Remains p
of individual Remains fixed 8 —
. constant constant 0

coils
Interconnects Remains Remains o P o P
between coils constant Constant b b

* assumes crossectionharea of each turn is adjusted to maintain the sam@acking factor

In order to scale the axial length to give the same overall machine mass, it is
necessary to account for the various contributions from different sections of the
windings. Let the prportions of the overall winding volume (and mass) contributed
by the sections in the stator slots, end sections of @athnd the interconnects be

M hQ andQ respectivelyThe axial length of the stator core in an Aluminium
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design, which yields the same oakactive machine mass as itgpper counterpart,
is given by
w] Q T 1 G ] Q 1

w] Q a (11)

The original Copper design hadss kew and kint values of0.65 0.24 and 0.11
respectivelyUsing these values, this approach to scaling the axial length results in
the axial length of the stator core increasing from 50m@otom to yield the same
mass. It igecognisedhat this increase in stator core length waoalkb increase the
mass of thecasing. This could be incorporated into the analysis by simply reflecting

the casing mass in the quantityiag

The mass audits for the original baseline Copper design and two Aluminium designs

are shown imable23.

Table 23 Audit of the active mass components of the Cu and Al winding
designs. All masses shown are in Kg

A LI ) ?almgor\nltlarerslll L
Component Copper ;naar:::?:'g:ggi?j active mass
as the copper
length ;
design
Axial length 50mm 50mm 69mm
Stator laminations 1.18 1.18 1.64
Rotor Laminations 0.75 0.75 1.04
Magnets 1.00 1.00 1.39
Windings 1.84 0.56 0.70
Total 4.77 3.49 4.77

5.4 PERFORMANCE OF ALUMINUM VERSUS COPPER WINDING DESIGN

As noted previously, greasing the axial length of the stator core will proportionally

increase the flilinkage per turn. This will require a reduction in the number of
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series turns per coil in order to maintain the same output voltage under a prescribed
set of conditions. Hoewer, as is the case in the baseline generator design considered
in this thesis, the number of series turns per coil is low and hence only coarse

adjustments can be made.

To explore the scope for adjusting the tuanserief time-stepped, circuit coued
FE solutions was performed for three variations of the scaled axial length Al design
with 5,4 and 3 series turns per coil. If the saro#, packing factor is retained then,

as shown previously ifiable22, the resistance ses as 1/K

Table 24 Key parameters of alternative generator designs

Aluminium 1 Al umi niSanme
Prototype maintaining | overall active mass as the
the same copper design
core axial
length
5turn | 4turn | 3turn
Design reference 1 5 3 4 5
number
Winding Cu Al Al Al Al
Stator core axial
length (mm) 50 50 69.4 69.4 69.4
Overall machine 4.77 3.49 477 | 477 | 477
active mass (kg)
No. of turns 5 5 5 4 3
Resistance at 221C 4.74 7.80 9.77 | 625 | 352
( mY)

Figure 85 shows theFE predicted currentvoltage characteristic othe four
Aluminium designs alongside the original Copper basgmototype. For the
Aluminium design thatetains 5 turnshie neload DC output voltagacreased from

238V to 327V due to the increase in axial length. Desigand5 approached the

127



50kW operating point at an equivalent current loadingiutvasat a much lower

no-load DC output voltage

400
350
300
250
200

150

DC Output Voltage (V)

Design 1
100 —e— Design 2
—— Design 3
—&— Design 4
50 —a&— Design 5
----- Constant 50kW contour
-------- DC-DC Converter input voltage limit

0 100 200 300 400 500
DC Output current (A)

Figure 85 Simulated Current-Voltage characteristics of the various
designs shown in Table 24

Table 25 summariseghe perfornance of thefive designs at the rated operating
point of 50kW. The winding RMS current required by desByand designi4 to
produce 50kW is much lower than the prototype because the magnitude of the

backEMF is larger.
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Table 25 Performance comparison of designs 1 to 4 with the prototype at
the rated 50kW operating point

Design Design Design Design Design

1 2 3 4 5
No. of turns 5 5 5 4 3
Axial length 50.00 50 69.4 69.4 69.4
DC Voltage (V) 158 158 270.6 213.0 155.8
DC Current (A 318 318 186.6 237.0 321.2
Gl CITE 237 236 145.0 183.0 247.3
(Ams)
Output Power
(o) 50.4 50.4 50.50 50.48 50.03
OMElEEEEs 2t 799 1303 615 628 645
HHX/ 020
Cuillehie 4.77 4.77 4.77 4.77 4.77
mass (kg)

5.5 CONCLUSIONS

Due to the mass drdbution of the active components of the 50kW surface mounted
PMSM prototype generator machine and its application, the use of Al coils has been
investigated. There are two approaches to the electromagnetic design when
substituting Aluminium with Copper wding. The first approach is to increase the

slot area to maintain an equivalent value of resistance and the second approach is to
maintain an equivalent mass whilst increasing the electromagnetic performance by

increasing the axial length or stator boi@naeter.

An Aluminium winding has the potential to improve the power derwditynachine
designs, particularly machindbat are constrained by an electromagnetic power
limit rather than a thermal limit. Whether any benefits are derived, depends on the
mass distribution of the active components and the objectives of the design. The
prototype studied in this thesis is an example of a design, which can benefit from
Aluminium coils because of its mass distribution and power density is the key design

objective
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Chapter 6 NOVEL COIL WINDING METHODOLOGY USING
ADDITIVE MANUFACTURING

6.1 INTRODUCTION

One of the main limiting factors on performance in high power electrical machines is
the packing factor that can be achieved in the stator slots. As discussed in Zhapter
the paking factor is definedn this thesis as the fraction of the available slot ecross
sectional area which is occupied by copper. Increasing the packing factor both
reduces the loss generated to produce a given Artyier® in the slot and increases
the effecive crossslot thermal conductivity. Hence, technologies that can increase
the packing factor beyond the-60%, whid¢ cannot be achieved with coilgund

with circular conductoroffer a route to further increases in power density.

Additive manufacturig (AM) is a manufacturing process which has the potential to
enable innovative concepts for electrical machines windings, in terms of both
electrical and thermal performance. AM covers a wide rarighfferent processes
which are classified according tbet material, method of deposition and the heat
source. For additive manufacturing of metals, selective laser melting (SLM) and
electron beam melting (EBM) are the most established processes. Both methods are
powder bed systems, in which a fine powder layighh a controlled thickness of 40
80em is spread across the build area.
selectively melts localised regions of the powder to produce the desired geometry.
This process is repeated layer by layer to build up a -ireensional part. At
present, SLM is the more widely used technology, particularlycémalt chrome,

stainless steel, aluminiuand Titanium alloys, which are in high demand.
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Whereas AM of Aluminium, Stainless Steel and Titanium is well developed and no

a mainstream manufacturing process in high value product, AM of Copper is less
well developed in part because of technical difficulties and the absence of potential
applications. Due to the combination of its high melting point, high thermal
conductivityand the optical reflectivity, EBM was identified as being more suitable
for copper. Indeed, the very limited literature on AM of copper illustrates the
limitations of SLM for Copper. EBM has a higher power capability and is does not
suffer from difficulties with the optical reflectivity of copper. Therefore, higher

power densities can be concentrated in the powder.

This chapter describes the AM process in the context of the requiremerAtd for
copper cois for electrical machines. Theesearch reported ithis chapter was
performed using an existing EBM systatthe Mercury Centre in the Department

of Materials Science and Engineering in Sheffield, with the assistance and active

involvement of Professor lan Todd and his research team.

6.2 NOVEL COIL FEATURES ENABLED BY ADDITIVE MANUFACTURING

Additive manufacturing (AM) offers scope to incorporate far more intricate and
novel geometrical features into a coil than traditional windings, which in turn may

give rise to many opportunities to enhance coil performanc

In particular, AM offers the potential to exercise precise control over the localised
geometry of the conductor at all points in the coil. This contrasts with a wound coil
in which the crossection remains fixed throughout the coil. Providing various

practical challenges can be overcome, notably the ability to produce essentially fully

dense copper of comparable electrical conductivity to the IACS standard, then this
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degree of design freedom can be exploited to enhance several aspects of the

performane of coils.

Arguably, the most significant factor in determining the performance of a coil is the
packing factor that can be realised in the final device. The packing factor is the
fraction of the overall coil crossection which consists of the copper doator, as
distinct from the insulation layers, encapsulant and gaps between adjacent
conductors. In a coil wound with circular cressctioned wire, packing factor can
range from 30% in random wound coils in machine slots through to ~65% or so in
precisiacn wound solenoid coils. In high performance electrical machines wound with
circular wire, it is often assumed at the design stage that sob@%4f the overall

slot area will consists of copper. The packing factor increases in coils wound with
rectangulasection wire, particularly in prirmed coils wound esitu. This type of

coil construction tends to be employed in large electrical machines. From the
standpoint of AM, it is likely that packing factors of at least7886 would be

required to be compéve with coils wound with rectangular section conductors.

AM offers the scope for exercising much greater flexibility on the geometry of the
individual turns that make up the coil. In considering the scope for innovations and
performance enhancements dayploying AM to produce solid coils, it is useful to
consider the regions of the coil which sit within the stator core separately from those

regions which are commonly referred to as-amadings.

The overall crossectional area available within a stasbot is constrained by the
dimensions of the stator core. The design of an electrical machine involves the
careful apportioning of the stator volume between the core and theocasto meet

some design objective, e.g. minimise loss, maximum power gensin a
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conventional wound coil, either with circular or rectangular section wire, the current
density in each successive series turn remains the same throughout the coil (it is
recognised that paralleling of strands may give rise to soma&miéorm distibution

across those conductors that constitute one series turn). However, the effective
thermal resistance from localised regions within the coil to the main heat sinking
medium may well vary markedly across the coil cresstion due to the relatively
modest thermal conductivity across the coil. This in turn can give rise to large
temperature gradients within the coil. This thermal gradient is exacerbated by the
positive temperature coefficient of resistance of copper (~0.4%()eas the hotter
regions of the coil produce more loss for the same current density. If the machine
power density was limited by a peak +spiot winding temperature of say 2a)

then a significant fraction of the coil will be unddilised, with consideable

residual margin on operating temperature.

As well as undeutilisation of the coil, temperature gradients throughout the coill
will give rise to differential thermal expansion. This is likely to be of little
consequence in coils with polymeric insida, but is could well be more

problematic in high temperature coils in which significantly less compliant

insulation systems based on ceramics are used.

By careful design of an AM coil, which would include a detailed consideration of the
particular codhg mechanisms employed in the machine, it would be possible in
most cases to achieve a near-tisermal temperature throughout the entire coil,
although that this may be somewhat specific to a range of operating points. This
would be achieved bylividing the overall slo crosssection in proportionsvhich
reflects the relative difficulty of removing heat from different regions of the coil. An
example coil based on exploiting this design freedom is showigure86. The coil
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cross-section in Figure 87a comprises 16 turns, each 3.9x3.9mm with 0.05mm
insulation thickness around each conductor, giving a net-sezg®nal area of each
turn of 15.2mrf at a packing factor dd.92 The coil setion shown inFigure 87b

has the same overall cressction with the same insulation thickness but has
conductor crossections which range from 12.87rAr8.3x3.9mm) to 20.25mfn
(4.5x4.5mm) In a machine in whichhe majority of the loss generated in the coil
passes into the stator core, it is likely that the largest -sexdonal aredaurns
which is located in the upper right hand corner of the coil shown, would sit furthest
from the stator core, i.e. at centkthe slot nearest the working airgap. The smallest
crosssectional turn in the lower left corner would sit in the corner where the tooth

body meet the stator ceback

—

Figure 86 Model of AM Coils within the active region of a rectangular slot -
uniform cross-section (left) and graded cross-section (right)
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15.900

(a) Uniform cross-sectional area in each (b) Graded cross-sectional areas of
successive turn successive turns

Figure 87 Cross-section through the active region of an AM coil
The overall enavindings comprise the endinding of the individual coils, the
interconnections between successive coils and, in some cases, the star point. In this
endwinding region, neither the geometry nor the net ceesdonal area of
successive turns is constrained by the geometry of the stator slot. This said, in the
majority of applications, there is often a desire to make thexemdings as compact

as possible so as to minimise the overall casing axial length.

An AM coil offers scope to have very different cregstions of individual

conductors in the endinding region as compared to the slots. This contrasts
markedly with conventional coils wound from circular wire or rectangular bar that
have the same crosectonal area throughout the coil. This degree of design

freedom could be exploited in a number of ways:

1 To increase the machine efficiency, albeit at the expense of increased mass, by
having a larger copper cressctional area in each turn throughout the-end
winding region. The overall improvement in efficiency as a percentage of the

total power will clearly be influenced by the relative proportions of the active
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region copper (i.e. that enclosed within the stator core) and theviadahg
copper. The greatedenefits will be derived in short axial length, lpole
number machines.

1 Maintain the same crosectional area of the copper in each turn but increase the
surface area to volume ratio of the individual turns to enhance heat transfer from
the endwinding, e.g. morph square section copper in the slot region into flat thin
plates in the endvinding region. To a first approximation, this would incur no
mass penalty as the cressctional area remains the same. However, in practice
the effective mean lengtof each turn is likely increase. Clearly within this
overall approach, some compromise between mean length per turn, surface area,
conductor crossectional area and mass could be arrived at.

1 In cases where the emdndings are more favourably cooledhe regions
contained within the stator slots (e.g. oil spray cooling of-wimdlings as is
common in current aerospace generators), the -sexg®onal area could be
reduced compared to that in the stator slots since greater losses can be tolerated
while remaining within the maximum temperature constraint. This would result
in some mass saving, but at the expense of overall efficiency

In all of the above approaches, AM could offer scope to incorporate a series intricate

and elaborate geometrical features poomote localised heat transfer, e.g.

corrugations to promote turbulent flow, profiled ducts to control coolant flow

(whether this be air or a liquid).

A small section of a coil showing one possible embodiment of such awiedohg
concept is showrin Figure 88. The section shown consists of the same 4x4
arrangement of square sectioned conductors which sit in the stator core and a

proportion enewinding. To aid clarity, the endiinding region is only shown for ¢h

136



lower four turns in the colil (the general arrangement for successive layers would be
very similar). Also shown irFigure 88 is one means, albeit rather rudimentary, of
transitioning from a 3.9x3.9mm square sattio the slot region to a 19mm x 0.8mm

flat shaped enavindings (which nominally have the same crgsstional area)
without avoiding acute current density piAgbints. Even for this simplified
arrangement, the advantages in terms of increasing the esarkea for heat removal

are readily evident.
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Figure 88 Example of an end-winding arrangement manufactured by AM
This section has described in board terms a few of the possible innovations that

could be achieved with AM, prading the necessary electrical properties and
geometric detail and tolerances could be realised in practice when forming complex

coils.

6.3 ADDITIVE MANUFACTURING PROCESS

6.3.1 COPPER POWDER PROPERTIES

There are many grades of Copper power produced commerciallyaf@ous
applications such aself-lubricating bearings, alloyingith tin, zinc and nickel for
structural parts and friction materials such brakes and clutch&€kese exhibit a
range of properties irterms of electrical properties, particlshape andsize
distribution etc. The specific powder considered in this study is an oxygen free high
conductivity (OFHC) grade manufactured by Sandvik Osprey Ltd. This was supplied
in vacuum packed 5kg bags, subject to a minimum order of 20kg with a typical cost
of £25kg. The manufacturer supplied properties for the batches of powder supplied
are summarised ifmable 26. This is a general purpose copper powder product in
terms of the particle size distribution, and not a bespmd@der manufactured

against a tailored specification for EBM. It is worth noting that Sandvik Osprey has
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the technical capability to produce specialist fine atomised powdeinspaiticle

sizes |l ess than

38em

Table 26 Copper powder batch properties

Particle Size Data Percentages
>106>m 0.1%
<106>m and >38>m 97.7%
<38>m 2.2%

Powder Analysis (weight %)

Element Minimum Actual Maximum
Oxygen 0.000 0.060 % 0.150
Copper BALANCE

6.3.2 EBM MACHINE SPECIFICATIONS

EBM technology wagioneeredoy Arcam AB who remain the leading manufacturer

of EBM systems and hold key proprietary rights. The two main industries they cater
for are aerospace and medidalvices which are served by two different models of
EBM machine. The model used inghnvestigation is the Arcam S12, which was
the first commercially availablEBM machine. There have been improvements to

this model which is now rebranded as the A2 model. The specifications of the Arcam

S12 machine is summarisgdTable27.
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Figure 89 Arcam S12 EBM Unit

Table 27 Arcam EBM Machine specifications

Model designation S12

Build tank volume 250 x 250 x 200 mm

Maximum build size 200 x 200 x 180 mm

Accuracy + 0.4 mm

Melting speed Up to 60 cm®h (material
dependant)

Layer Thickness 50 17 500 >m (material
dependant)

Electron beam scan speed 20,000 mm/s

Electron beam positioning + 50>m

accuracy

Beam power 3500W

6.3.3 PROCEDURE FOR OPTIMISING PROCESS PARAMETERS

Figure90 and Figure 91 shows a schemat&nd a photo respectivelgf the Arcam

S12 EBM machine used in this investigation. The first step in the EBM process
involves setting the start plate such that it forms a level surface which is parallel to,
and in intima&e contact with, the powder rake. The height of the rake can be adjusted
to establish the thickness of the powdbeyer thatis spread across the start plate

between successive layers. The powder is deposited across the bed or start plate by
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the left and ight traversal of the rake from one hopper to the other. The entire layer

of powder on the start plate is gneated with a highly defocuseddeam. This pre

heat stage is not intended to melt the powder but to partially sinter the powder to
provide suppdrfor successive layers and to reduce the effects of particle charging

|l eading to O6smokingéd. Smoking is the ter
the electrostatic interaction between the electron beam and the metal powder

particles on the build prfee.

The electron beam then raster scanned to deliver intense localised heating to the
selective regions of the powder layer to melt the powder. The build platform is

lowered into the build tank by an amount equal to the powder layer thickness and the
proess is repeated to build up the part. The excess partially sintered powder is

usuallyremoved at the end of the entire processdiipressed air

In order to achieve full density parts, there are three stages of the build process
which need to be optimide preheat, build temperature and the melting or hatching
stage. There are standard build process parameters recommended by Arcam for the
metal powders they have used commercially. Unfortunately, the portfolio of
materials for which parameters are avdeadid not include copper. It therefore
proved necessary to undertake a series of trials to establish some machine settings
which would realise complete but precise melting and therefore near full density
components. This study was undertaken with sigaifi input fromFatos Derguti

and Everth Hernandezwho were familiar with the operating and -sgt of the

Arcam S12, hence operated the machiaed provided guidance on parameter

selection
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Figure 90 Schematic diagram of the Arcam EBM machine
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Figure 91 Photo of the build area Arcam EBM machine i shown with
copper powder during trials

6.3.4 BUILD TEMPERATURE CONDITIONS
Prior to the start of any build, the start plate is preheated to a controlled temgeratu

in order to prevent it from acting as a heat sink when a localised region is intensively
heated by the electron beam. Indeed, wherhpeged it acts more like a heat source
for the first few layers of powder. The build temperature is also important in

minimising thermal gradients throughout the component being manufactured.

The optimum préneating temperature needs to be established from a series of trial
runs. In these trials, a bed of powder is manually established in the build tank and the
start plag is placed on top of this powder and levelled. The electron beam is used to
heat the start plate and partially sinter the underlying powder. A thermocouple is
located between the underside of the start plate and the underlying powder to
monitor temperat@. Several trial runs are required to determine the optimum
temperature required?revious preliminary investigatienidentified difficulties in

establishing build temperature above ~860lue to the high thermal conductivity of
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the copper. This problemas overcome by hindering heat flow out of the build tank

by placing Zirconia tiles along the sides

6.3.5 PRE-HEAT CONDITIONS
The preheat conditions, which it will be recalled is applied across each successive

layer to partially sinter the powder prior to medfiof selected regions of the layer,
must be tailored for each material because of differences in properties such as
density, reflectivity, melting point and thermal conductivity. These material
properties dictate the amount of energy required to partafiter the powder.
Figure92 shows a schematic cresection through a tegiece which illustrates the
combination of melted and partially sintered regions. Excessive energy into the
powder in the prdeat stage (i.¢he blue regions ifrigure92) will cause the power

to melt or make it extremely difficult to remove from the finished part. Therefore,
numerous trials were performed to optimise the preheat parameters for copper.
Further investigations in this current phase of the programme were carried out to
improve the build quality by improving the preheat stage. By way of example,
Figure 93 shows a tespiece during buileup in which a largeegion of partially

sintered powder is supporting relatively small square regions ofrhélyed powder.

Melted powder Build Platform

Partially sintered powder
from preheat stage

Figure 92 Schematic cross-section through a component during build
showing melted and partially sintered regions
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Melted area

Partially sintered
powder

Figure 93 Typical sample during build-up showing preheated powder for
support and fully melted regions

6.3.6 MELTING CONDITIONS
Thesocal | ed O6hat chi nlgdbhe Ipcaliseal melting of the povedert r o |

The parameters are the speed fiomc(SF), beam speed, beam current, focus offset,
line order and line offset. These parameters dictate how much energy is imparted
into the powder, the rate at which this energy is input and the spatial resolution of the
beam itself. It is critical to ophise these parameters in order to achieoth near

full density parts and near precisantrol of geometry.

The socalled speed function attempts to provide a straightforward means for the
user to specify a parameter which feeds into the automatic maledation of the
beam. It takes a discrete value ranging fra@to 200. The relationghibetween the
speed functionthe beamcurrent and speed of the beam has not been made available
beyond Arcam for proprietary reasons, and recommended speed riypataometers
are only available for a limited set of materials, which at present does not include

copper.

Figure94 shows the line offset parameter which quantifies tstadce between the

electron beantines of theraster pattern. The contour is defined by the perimeter of
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the layer to be melted. There can be up to 5 contours offsets. The interior raster of

electron beam melts the bulk of layer

el e

’ / < ¥ Raster

«——— Layer Contour

<«——— Layer perimeter

— o o o o o o

\ \ / /

~ r
— « Line Offset

Figure 94 Electron beam scanning parameters

6.3.7 TRIAL RESULTS

The build parameters for GE&r were used as the starting point for finaing the

build parameters for copper. The initial plan was to build 12 cuboid specimens as
shown inFigure 95a) with variations irthe speed function and preheat theme. As

can be seen fronfrigure 95(b), good quality melting was not evident. This was
believed to be due to the time spent melting each specimen being excessive and, as a
result of thehigh thermal conductivity of copper, the heat escaping rapidly from the
build envelope. This may well have caused the swelling and poor melting observed

between the powder particles
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(a) (b)

Figure 95 (a) Specimen layout on start plate
(b) Start plate with attempted samples from the EBM machine

The number of specimen was reduced from 12 to 2 in the second trial. A bespoke set
of melting parameters were used for cube 1 and th€Cdandard parameters used

for cube 2 as shown fRigure96. Cube 1 showed swelling on the hatching surface of
the sample. Cube 2 had a more uniform hatching surface but a rougher surface finish.
The powder bed was heavily sintered, almost melted by the preheat stagedrtthe

series trials, the preeat parameters were modified systematically.

147



Figure 96 Cube sample | and sample Il manufactured using LK and Co-Cr
parameters respectively

In the subsequenset of trials,the speed function was thariable adjusted in an
attempt to mitigate the swelling. The speed fundiohsample | and samplell

were set to 15 and 22 respectively. The lower the speed function, the slower the
beam passes over the bed thmpartingmore energy into the powdérhere was no
reduction in the swelling at the surface of the samples and therefore morevérals
required at higher speed functions. Further modifications were required in the pre
heat stage, as this was also believed to be having an impact on thegswalther
systematic trials were carried out to finme the build parameters, using an
approach similar to that reported abaw#il a reasonable firgtass of parameters

were established

148



Figure 97 Sample-l and sample-Il with SF of 15 and 22 respectively

Having established a satisfactanjtial set of processparameters, an attempt was
made at the more complicated geometry of a serpentine coil structure. The serpentine
structure was chosen to give a path length of oven Wihin the build envelope for
subsequent resistivity measuremenfsgure 98 shows the dimensions of the
serpentine structure. The build parameters had to be modified slightly for the
serpentine structure as optimuparameters areto some degreegeometry

dependant.

—

Mean length #1.521M

100
137.500

2
5 o
%

115

Figure 98 Dimensions of the serpentine sample (depth of 4.5mm)
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Several trial builds were carried out in order to finee the process and these
highlighted several challenge®ne of the problems encountered was incomplete
interlayer fusion of the powder, which led to a delaminating type defect as shown in
Figure99. This was identified as being caused by-norform powder delivery by
theraking system, with insufficient powder being delivered across the bed during the
melting of a few of the layers. The powder was delivered by the rake colliding with
the heap of powder at the foot of the hopper. The entire heap of powder which falls
in front of the rake is then layered across the build area, with the excess pushed over
to the other hopper. This process is then repeated from the other side of the hopper.
Unfortunately, there is a tendency for the particular type and grade of copper powder
used to agglomerate as the rake pushes up against it. This agglomeration prevents
sufficient finely distributed powder from consistently falling in front of the rake,
resulting in some incomplete filling of the layer and hence voids across the bed. This
problem was temporarily overcome by completely filling up the hoppers with
powder so as to increase the weight forcing down on the powder at the base of the
hopper. This problem is consistent withe observations reported [d4]. It is
believed that the copper powder used in this current set of trials has a high
percentage of stioes.|Theewmork @mordet ] Irecadmméndeg a

using an elecbnic grade copper powder which provides a better flow of powder.

150



Figure 99 EBM serpentine structure with a de-laminating defect

On a further trial build, the sample developed surface cracks as shéwguial100.,
This was ascribed to thermal cycling experienced by the sample as a result of the

high aspect ratios of the individual limbs.

Figure 100 Surface cracks developed in test sample

Another trial run was perfmed which showed no cracks but somelairinating
towards the lower section of the build, i.e. near the start plate. The serpentine coil

was cut away from the start plate by wire EDM. Since the region-tdrdimation
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was close to the base of the samfte, coil was cut away above this defect. The
resulting sample, shown ifrigure 101, was used to measure the electrical

conductivity and density. Several close ups of the coil are showigumne 102 and

Figure103

=2 4 I 1 TR S TN

(b)

(a) Still attached to start plate  (b) Removed from start plate

Figure 101 EBM Serpentine sample used for resistivity and conductivity
measurements
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Figure 103 Surface finish from the EBM process
The set of build parameters which produced this sample are summarisaudaas.

Only one single preheat stage was used. The line offset is one of the most important
parameters in ensuring that porosity is kept to a minimum, albeit there is some

degree of tradeff with build time.
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Table 28 Build parameters used to produce the sample in Figure 101

Start Plate Temp (°C) 680
Preheat
Min. Beam Current 30Ma
Max. Beam Current 30Ma
Beam Speed 16000 mm/s
Average current 8.8 Ma
Hatching
Speed function 18
Beam Speed 400 mm/s
Beam current 6mA
Line Offset 0.2mm
Line Order 1
Focus offset 22mA

The serpentine shown Figure101 had a measured density of 262.9 k(@2% of

the theoreticalfull densty of copper) based onsitmeasured dimensions. The
measured electrical resistance was 1.354, mvhich corresponds to an effective
mean electrical conductivity of 5.34 x 1B whichis in turn is ~92% of the IACS
value.As a first attempt, with limited access to the equipment totfine and refine

the process, these initial values of densityg &lectrical conductivity were deemed
very promising and already within the range in which the electrical conductivity is
competitive with conventional drawn wire. Indeed, given that the same shortfall of
8% was observed in the density as is the condtigtihen the specific conductivity

is already matching that of wire, indicating no fiostler problems with the

microstructure beyond porosity.
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6.3.8 CONCLUSIONS OF THE ADDITIVE MANUFACTURING PROCESS
The trial builds reported in this chapter, although timestcained and reliant on

significant input from others, demonstrated that even at this s@dge, thenaterial
properties of the EBM copper with an electrical conductivity of 92% IACS and a
density of 92% are competitive and do not present an obstaclensaderation of
EBM for machine coil applications. Moreover, although there remains significant
work to do to produce highly intricate and precise componentspitxs#s with
reasonable geometrical control were produced, although it should be relcatlduet

optimum build parameters are specific to the geometry of the sample.

One of the challenges yet to overcome is the intermittent delivery of the powder by
the rake system which causes incomplete interlayer fusion. However, the root cause
of this prdblem, as confirmed if44], isduetoa buildip of d&ésatelliteo

the powder which leads to agglomeration. This could be minimised by using a so

call ed o6el ectroni c dgmnaedsedcost opper powder,

Although competitive material properties have been demonstrated with EBM, there
are two very significant challenges which must be overcome in order to make such

coils a practical competitor to wound coils:

1 The additional AClosses thatr@ generated in large cressction copper
regions, ascompared in particular to the use of multiple strands of small
diameter.

1 The ability to reliably insulate successivertsiin the coil from each other

6.4 AC LOSSES IN ADDITIVE MANUFACTURED COILS

Whereasthe benefits of additive manufacturing coils in terms of flexibility of

geometry and packing factor are recognised, one factor which may well limit their
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use in many applications is that of AC losses in the coils themselves. These
additional losses in theoil over and above the classical DC ohmic losses are the
result of induced eddy currents flowing in the conductors. AC losses increase, albeit
not in a straightforward manner, with frequency, electrical conductivity, conductor
crosssectional area and thgroximity of other conductors and/or ferromagnetic

regions.

All conductors which carry current and/or are subjected to time varying incident
magnetic fields from other sources are susceptible to AC losses generated by induced
eddy currents. This issue usually addressed in conventional coils by selecting an
appropriate individual wire diameter to minimise AC losses and making up the
required overall coil crossection with an appropriate number of individual wires in
parallel, resulting in a soal Ilpead abl el stranded coil séo.
particularly those operating with a combinationhajh frequency and high current,
coils can be wound with tens of parallel strands of wire, e.g. 49 strands of 0.67mm
wire in the case of the demonstrator disedssn chapter3. For very high
frequencies, sealled Litz wire is often used to reduce AC losses to a manageable

level.

In the case of additive manufactured coils of the type described in above, although a
given coil crosssection can in principle be sdibided into numerous parallel paths

to reduce AC losses, the thickness of the gaps required to ensure some level of
clearance as the coil is built up will increasingly impact on the achievable packing
factor. This problem of diminishing packing factor hincreasing subdivision is

likely to be far more marked in coils produced by additive manufacturing than would

be the case with a conventional wound coil where the insulation layer is generally
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much thinner than the gaps required in an additively maturgt coil, particularly

if the insulation is applied after the copper element is fully formed.

Although there are some standard formulae for predicting AC losses in isolated
circular conductors, these have limited applicability to the losses that wilt ot a
practical coil which is located into a slot in a stator core. In a practical machine,
proximity effects (i.e. the influence of other adjacent conductors) and the presence of
the core and incident flux from other sources of excitation make itrrdiffieult to

establish even estimates from analytical methods.

To quantify the extent of AC losses in a representative high performance machine
design, a series of simulations were performed taking the prototype liquid cooled LP
generator design desceith in chapter 2 and 3 as a baseline. ThEh&e machine

has 10 rotor poles and 15 stator teeth, with each tooth being equipped with a
concentrated coil with 5 series connected turn as described in chapter 2. The net
crosssectional area of each individuarn is 17.4mr which yields an rms current
density of ~13A/mrhat the rated current of 230Arms. In the existing prototype, the
stator coils are wound with 49 parallel strands of circular wire of diameter 0.73mm
(incl. double coated insulation). The mepper diameter of each strands is 0.67mm.
The effective packing factor of the coil within the slots is 0.5. In addition to
minimising AC losses, the wire diameter was selected predominantly to achieve the
desired mechanical flexibility of the overall buado as to realise compact end
windings rather than from a detailed appraisal of AC losses. Indeed, taévsibn

employed is such that AC losses are negligible in this machine.

The combination of a maximum rotational speed of 17,000rpm and 10 wl&w p

gives rise to stator currents with fundamental electrical frequency of 1.42 kHz.
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Although this is a high frequency when compared to many electrical machines, it is
not untypical of the frequencies that might be encountered in stgmerators for
ago-engines, in particular for smaller engines. At the operating point of 50kW
(generating) at 17,000rpm, the phase current in the machine is 230Arms, which gives
rise to a copper loss of 1.36kW assuming a mean coil temperature x€ 200
(equivalent to 91W er coil). Of this total machine copper loss, 544W is contributed
by the endwinding region. Hence, the copper loss contributed by the regions of the

conductors within the stator slots is 816W.

Against the backdrop of this baseline copper loss, severahatitee additive
manufactured coil variants were simulated using-tivoensional, transient, circuit

coupled finite element analysis. In these simulations, the individual conductors
which make up each coil were represented as aol | ed 0 s o |heé fthiter e gi on
element model, in which both imposed conduction currents and induced eddy
currents can flow. It is important to note that this simulation, by virtue of its two
dimensional nature, can only account for AC losses in the active region of the

machine

The first set of simulations were performed for the two conductor arrangements
shown inFigure104. In both cases, each successive series turn of the coil, of which
are 5 per colil, consists of single solid conducta. there is no subdivision into
parallel paths. Even a first order consideration of the AC resistance of an alone
isolated conductor would suggest that a combination of a-esad®nal area of

26.3mnt and a frequency of 1.42kHZ will give rise to sfigant difficulties.

The arrangement of conductorskigure 104a has been designated as horizontally

arranged. It can be seen from close inspectidrignire 104 that the statotooth tips
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in both cases is detachable. Ttgsai prerequisite for fitting preformed additively

manufactured coils into stator slots withc@a | | e dlosés e mt s 6 .

The conductor arrangements showrfigure 104 achieve effective packing factors
of 0.83 within the slots, c.f. the 0.5 achieved in the benchmark machine wound with
conventional wire. This is turn would lead to a marked reduction in static copper
losses (i.e. with no account for AC induced lossesjfe same rms current of 230A
rms, viz. from 1.36kW to 901W on the basis of simple scaling by the improved

packing factor in both the active and emthding regions
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(b)

Figure 104 1 Alternative additively manufactured conductor arrangements
(one single conductor forming each successive turn of the coil) T (a)
horizontal (b) vertical

A series of twedimensional, fully transient finite element simulations were
performed for both arrangements of conductors with a sinusoidal asent

which corresponds to 230Arms. As noted previously, these simulations can only
account for the AC coil loss in the active region. From this point forward, for the
purposes of this discussion, the comparison between the coil losses are based on the
loss in the stator slot regions only, i.e. the baseline loss for the active region with the
conventional stranded coil used in the demonstrator machine described in chapter 2
is 816W and not the full 1.36kW. The corresponding machine static ohmic losses in
the active region for the additive manufactured coil with a packing factor of 0.83 is

541W at 200C reducing to 30W at 20C.
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Rather than focus solely on the high speed operating point, at which AC losses will
be most pronounced, machines equipped with tlvo winding variants were
simulated over the full speed range up to 17,000rpengintincrements, in each case

at the rated coil current. The resulting variation in coil losses with speed are shown
in Figure 105 and Figure 106. Several components of loss were identified separately
through varying the excitation conditions at each speed via separate simulations,

specifically:

Open-circuit coil lossesi These losses are present whiere is no externally
driven current in the coil and its terminals are simply an electrical open circuit.
These losses arise from eddy currents in the copper conductors which are induced as
a result of exposure to the time varying field produced byroketing permanent
magnets, notably flux which is not shielded by the stator in the vicinity of the slot

openings.

Coil losses due to winding mmf only A series of simulations were repeated with
the magnet excitation removed such that the only soureraithtion in the machine
was the rated stator currents. In these simulations, the rotor was still rotated in order

to represent the modest level of saliency which is present.

Coil losses on rated load In this series of simulations, both the rated statorf

and the magnet excitation was present.

Summation of opencircuit and mmf only lossesi This estimate of the loss on
rated load was derived from a summation of the independently calculated losses due
the magnet excitation and stator current. One wexfukct this to be broadly in line

with the losses calculated from a full-twad simulation, but it should be recognised
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that simple superposition does not capture the full effect of saturation in the stator

and/or rotor core under true fudad conditiams.
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Figure 105 Finite element predicted coil losses for conductor arrangement
shown in Figure 104a
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Figure 106 Finite element predicted coil losses (per phase) for conductor
arrangement shown in Figure 104b

As will be apparent from the simulation results, for both conductor arrangements, the
AC coil losses increase rapidly with speed to a point where they completely
dominate oer the static copper loss. Indeed, this level of additional AC loss in the
coil would be unsustainable from a temperature rise perspective for the vast majority
of the speed range, i.e. for speeds of ~1000rpm and above. It is also evident that
opencircuit losses and the losses due to the mmf both contribute significantly to the
overall loss. Of the two conductor arrangements shoviigare 104, the losses are
markedly lower with the conductor arrangement-@fure 104b than those for the

conductor arrangement kigure104a.

As would be expected, the losses are particularly pronounced in the regions of the

coil closest to the airgap due to@bination of the higher incident magnet flux and
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the greater magnetic field strength across the slot (which can be inferred by a
consideration of Ampereds Law). Furthernmn
with semiclosed slots, the slot opening inghmachine is relatively large, this being

the result of the need to optimise the power delivered into an uncontrolled rectifier.

This feature further compounds the difficulty in managing AC losses in the winding.

Although the losses for the simple arrangeis of conductors shown KFigure 104
are well beyond the levels that could be sustained in practice, there are several
remedial actions that can be taken in the design of the machine to reduce these AC

losses:

1 Incorporate semimagnetic slot wedges to shield the regions of the coil near
the airgap from the incident flux from the rotating permanent magnets

1 Incorporate a series of additional slits into each individual conductor, in
effect separating it into a number oérpllel paths (at least in the active
region of the machine).

1 Reduce the slot opening to shield a greater proportion of the coil from the
incident magnet flux. However, it should be noted that in this application, the
resulting increase in the reactancewdoincur a penalty in terms of voltage
regulation when connected to an uncontrolled rectifier.

A series of further transient simulations were performed for machine variants with

0.5mm thick semmagnetic slot wedges with relative magnetic permeabilityevaf

10, a value which is representative of those that can be realised in magnetically
loaded composite wedges. A representative magnetic field distribution with these
wedges in place is shown igure 107. As will be evident, the wedges are effective

in providing some degree of shielding of the coil conductors which are nearest the
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airgap, however, they are prone to saturation even with their modest permeability

and hence their effectiveness will be limited

Figure 107 Representative magnetic flux density distribution demonstrating
the effect of semi-magnetic slot wedges

The original rated otoad coil loss at 20,000rpm for the conductor arrangement of
Figure 104b with no slot wedges was 2200W. This reduces, but only marginally to
1841W with semimagnetic slot wedges. In order to gauge the sensitivity of this loss
reduction to the relative permeability of the senagnetic wedge, further relative
permeabity values of 30 and 50 were simulated. These values were selected simply
for the purposes of an electromagnetic sensitivity study rather than necessarily
representing commercially available flexible slot wedges. For relative permeability
values of 30 amh 50, the corresponding predicted coil loss on rated load was 1800W
and 1807W respectively, i.e. there is very little to be gained from higher relative

permeability.

The other design feature which was investigated using transient finite element

simulationswas that of swdlividing each individual series turns into a number of
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