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Abstract

Considerableesearch efforts ateeing carried out waswide todevelop technologies
which meet the increasing demafuat the efficient utilisation of energy resources

Modern applications, such esnewable energgnd electrical vehicles, place a premium
on electremechanical energy conversion in a power dense adédificiency manner.
Magnetic gears (MG) and magnetically geared machines, offer an attractive alternative
to existing systems which may favour the combination of a high speed electrical

machine with a mechanical gearbox.

This has led to the opportunity use Pseudo Direct Drives (PDDs) and MGs to be
developed for use on an industrial scale. Therefore, in this thesis techniques for
facilitating the manufacture and robustness of PDDs are presented, for both radial and
axial field topologies. This includese of alternative windings and soft magnetic

composites.

PDDs and MGs has so far mainly been developed in the radial topology and little
attention has been given to axial topologies. The pole piece (PP) rotor required for MG
operation, represents the imaifference between PDD/MG and a conventional

electrical machine. As such the PP shape and supporting structures have been

investigated both in terms of electromagnetic and mechanical performance.

Furthermoredetailed electromagnetic and thermal desigd analysis ofn axial field
PDD (AFPDD) with improved robustnessas undertaken, andh prototype was

manufactured to demonstrate the operation of the AFPDD and validate the predictions.




List of Publications

Journal Papersfrom the Thesis

1 G. Cooke; K.At al | ah, "OPseudobd Direct Dri ve E |
alternative winding configurations,” in IEEE Transactions on Magnetais53,
no. 11, pp. 48, Nov. 2017

1 G. Cooke; K. Atallah,Ax i al field 6Pseudod Direct Dri v
To be submitted tdEEE Transactions oBnergy Conversion

Other Journal Papers
1 A. Penzkofer, G. Cooke, M. Odavic and K. Atallah, "Coil Excited Pseudo Direct
Drive Electrical Machines," in IEEE Transactions on Magneticé 53, no. 1,
pp. :11, Jan. 2017

I H. Harrison,G. Cooke, D. A. He wi t tMagnefic. A St on
Tomography for Lead Acid Bat,vwokeX2jpp.s, 0 in Jo
1-10, Aug. 2017




Acknowledgements

I would like to express my sincere thanks to Professor Kais Atédiatnis
continuous guidance, encouragement and advice during the course of this
research. | would also like to thank my colleagues in the Electrical Machines and

Drives group for their knowledge, advice and friendship.

| gratefully acknowledge the finaradi support provided by Electrical and

Electronic Engineering department and by the INNWIND.EU project, carried

out under the European Uniondés Seventh F
like to thank Magnomatics Ltd for thesponsorshipand technical suppbr

during the course of this PhiAdditionally | would like to thank Radu Stefan

Dragan for his insight and assistan8pecial thanks are also due to the technical

staff of the Electrical Machineand Drives grougfor their helpduring the

manufacture of @rototype electrical machine.

| am grateful to my Mum, Dad, Brother and family for their unquestioning love
and support throughout my life. Finally, | would like to thank my wife Kelly for

her love, support and understanding in the course of writinghtbsss.




Table of Contents

ADSIIACT oo e e e e e annn e e e e e e e aaaes l.
LiSt Of PUDICALIONS. ......coi it e e e e s Il
ACKNOWIEAGEMENTS......ccciiiiiieeee e errer e e e e e e e e e e e e e e eaeene s 1]
Table Of CONENTS........oeviiiiiie e eree e nnne e v
Figure and Table LiSt.......cccoiiiiiiiiiiiiieeeeeeen e e Vi
NOMENCIATUIE ...ttt ettt e e e e e e e e st e e e e e e e e e e e e e e e e nnee s e XV
Chapter 1 INtrOAUCTION ......oooiieeieiieeee e 1
1.1. 1Y o] 1Yz LT PSP TPPPPRRPR 1
1.2. Trends in AC Machines and Mat@lS.............cccccoevviiiiiieeniiieee e 2
1.3. Magnetic Gears and Magnetically Geared Machines............cccccccovcerrnneee 7
1.4. Magnetic Gears Principle of OperatiQn...............uuuuvereimeeineriseenicencnnneennns 14
1.5. 1Y/ F e [=1 1T o T =3 ] T [T 15
1.6. TRESIS OULINE....coiiiiiiiie e 17
1.7. RETEIENCES. ... 19
Chapter2 6 Pseudod Direct Dri ve El ectrical
WiNding CONfIQUIALIONS .........cevviiiiiiiiiies e e e eeen s 25
2.1. Proposed 6Pseudob..Di.rect. .. Dr.i.ve..M3a7chine
2.2. SIMUALION STUAIES. ....eeeeiiiiiiiiiiiii e 32
2.3. Forces on the Pole Piece ROLOK............uvviiiiiiiiieen e 43
2.4. CONCIUSION.....coiiiiiiiiiiice et e e e bbb enne e as 51
2.5. REFEIENCES. ... ..o e 52
Chapter 3 Electromagnetic design of a Axial Magnetic Gear.................ccco...... 53
3.1. Axial Magnetic Gear SIZING.......ccooieieeeeeie s 54
3.2. Modelling Axial MagnetiC GeaLS.........cuuveieiie e ieceeee e 55
3.3. Axial MagneticGear OptimiSation............ueivieeiiiiiiiieeiieeee e 59
3.4. Axial Pole Piece ROtOr TOPOIOQY.......uvuiiiieeiiiiiiiieeeieie et emee e 71
3.5. CONCIUSIONS ...ttt e s e s 82
3.6. RETEIENCES. ... .o 84
Chapter 4 Mechanical design of an Axial Magnetic Geatr............c.cccoevvvvvvnnneeee. 85
4.1. Forces on Pole Piece ROTOL..............ooooiiiiiii e 87
4.2. Reduction of Fare via PP DeSigN...........coeiiiiiiiiiiieeeee e 95
4.3. Reduction of Force via Assembly Methad.............ccccoiiiimeeiiinecen, 118
4.4, CONCIUSIONS ...t et a et e e e e e ammme e 119
4.6. RETEIENCES. ...t 121
Chapter 5 Electromagnetic and Thermal Performance of an Axial Field
PSeUAO DIr€CE DIVE.....coii ittt 122
5.1. Electromagnetic Performance...........coooovioiiiiiiccc e 124

mac hi

v



5.2. Thermal PeIrfOrMaANCE.......c.ve ettt e et s e e e et e e s e e sanes 143

5.3. CONCIUSIONS. ...ttt ettt e e e e et e e e e e enmeeeas 154
5.4, RETEIENCES ..o e rmeee e 156
Chapter 6 Manufacture and Testing of an Axial Field Pseudo Direct Drive....158
6.1. Y r= L0 NS 1 0] ) RSP 160
6.2. ROLOIS ASSEMDLY. ...ttt e 168
6.3. High Speed ROLOL.......coieiiiiii ettt 169
6.4. POlE PIECE ROLQL........ceiiiiiiiee ettt e 175
6.5. (022 1S3 o o F PR SRTOTR 178
6.6. 121511 o PP 179
6.7. CONCIUSIONS. ...ttt e e e s b e e emmeeeas 192
6.8. REIEIENCES ...ttt e s ameee e 194
Chapter 7 CONCIUSIONS.........ccovviiiiiiiiii i e e e e e eremra e e e e e e e aaeaaes 129
Y o] o 1= T [ URERPP 199
Appendix . Material PrOPEItiES.......ueuueeeieeiiieeiieiieeeieieeieeneeeeeereereerrres e s e s s snanes 199
Appendix Il.  ManufacCturing DraWingsS........ccccccccuurummiiimnnreeeee e eeeeeee e s s ee s s smmreeeeeeeeeeeeees 200




Figure and Table List

Figure 1.1Electomagnetic shear stress definition in a) Radial machine and b)

AXIal MACNING......co e 3
Figure 1.2variation of interest in PM machinestivtime...............ccccevviiiiien e, 4
Figure 1.3Variation of magnetic materials energy product with time.................... a
Figure 1.4Variation of flux density with magnetic field strength (soft magnetic

MALEIIAIS) ..o 6
Figure 1.5Halbach oriented magnet array..............uueeeeiiiiiccmeeeeiiiiininn e e e e e e eeeees 7
Figure 1.6 Magnetic Coupling structure a) Radial coupling and b) Axial

COUPIING. ittt nene s 8
Figure 1.7Coaxial magnetic gear tOPOIOGY........uuvrrrrriiiiiiiiieeeieieeiee e 9
Figure 1.8Linear magnetic gear tOPOIOgY..........ccoeriiiiiiiiiiieme e 11
Figure 1.9Axial magnetic gear tOPOIOGY........ccccuuuuriiiiiiiiiereiiiieeeee e 12
Figur @ sk.ull® -@oveltopDI@IE..L.........ovveeieiiiiiiieeeieieee e 13
Figure 1.1ITNESIS StIUCTUIE......cceiiiiieeeie e 18

Figure 2.1Conventional concentrated winding and stationary magnet array.......26
Figure 2.2Proposed realisation of PM magnet array and alternative winding

With @) kon=21 and B) Kon = 2 ...euveeiiiiiiii e e 28
Figure 2.3Possible winding for machine with p 2, ns =11, p = 9 (shown in

FIQUIE 2.2(8))- - e eeeeeeeieeeee e 30
Figure 2.4FEA procedure a) Geometry b) Meshing c) Physics d) Solving.......... 31
Figure 2.5PDD Meshing ProCeAULE...........oooiiiiiiiitirees e eeer e 32

Figure 2.6Variation of pultout torque with gear ratio for HSR pole numbers.......34
Figure 2.7Harmonic spectra of radial flux density resulting from the stationary

magnet array, 23 in the airgap adjacent to the HSR#@ ................ 34
Figure 2.8Harmonic spectra of radial flux density resulting from the stationary
magnet array, g=27 in the airgap adjacent to the HSR=g ................ 35
Figure 2.9Variation of shear stress at ptolut torque with the ratio of angular
slot opening to SIOt PILCH.......ueieii 35
Figure 2.10Variation of shear stress at ptdut torque with the ratio of
angular slot opening to slot pitch fogek™> 1 ..coooeeeeeiviiiieeee e 36
Figure 2.11Variation of Required active length with the ratio of angular slot
opening to slot pitch when KCon =l.........viiiiiiii e 37
Figure 2.12Variation of Required active length with the ratio of angular slot
opening to slot pitch when Kcon 21..........ccceeiiiiiiiiiccecciee e 37
Figure 2.13Variation of Efficiency with the ratio of angular slot opening to
slot pitch when kcon =1 at rated power, as in [2.1]...........ccccvvvvnnnn. 38

Vi



Figure 2.14Variation of Efficiency with the ratio of angular slot opening to

slot pitch when kcon >1 at rated power, as in [2.1]...........ccccevvvvinnnen 38
Figure 2.15Variation of potential output power with PPR at 500rpm, as in
2250 SRRSO 39
Figure 2.16Variation of Efficiency with the ratio of angular slot opening to
slot pitch when §n,= 1 (Maximum output POWEr)..........cccceeeeeeeeeeeeeean. 40
Figure 2.17Variation of Efficiency with the ratio of angular slot opening to
slot pitch when > 1 1 (Maximum output POWEL).........ccceeeeeeeeeennn.. 40
Figure 2.18Variation of the radial force (per pole piece) with PPR angular
position at rated 10ad................uuueeiiiiicceeee e 45
Figure 2.19Variation of the circumferential force (per pole piece) with PPR
angular position at rated load................ooeeeiiiiieeee e 45
Figure 2.20Harmonic spectra of radial force profile (per pole piece) at rated
0 =T PP PP UUP PSSR | o
Figure 2.21Harmonic spectra of the circumferential force profile (per pole
piece) at rated l0ad...............oovviviiiiiiccreeeeee e 46
Figure 2.22Variation of total PPR forces at rated load.................ccccoovvceveveninnnn, 47
Figure 2.23Variation of the radial foce (per pole piece) with PPR angular
Position at NO 0ad..............ovvviiiiiii e A8
Figure 2.24Variation of the circumferential force (per pole pieca)hwPPR
angular position at No load...............ooovviiiiiicc e 48
Figure 2.25Harmonic spectra of the radial force profile (per pgiece) at no
0 =T PP UUP PSSR 1)
Figure 2.26Harmonic spectra of the circumferential force profile (per pole
piece) at NO 10Ad............oooiieeieeeee e 50
Figure 2.2Variation of total PPR forces at no load............ccccooeeiiiiiccciiiinnnnn. 50
Figure 3.1Axial magnetiC gear StrUCULE..............uuuiuvueiiimreeeerrvirere e eeeneeens 54
Figure 3.2Variation of key AMG parameters due to the ratio of inner to outer
2= 0 [T LS TR TSRPRORI 55
Figure 3.3Flux in a pole piece rotor extended to th@Xs............ccccceeeeiiiiiiicccnnn. 56
Figure 3.4Variation of shear ess across magnet surface of AMG...................... 58
Figure 3.9_eakage flux density (radial) within pole pieces..........cccccccvviiiieecnnnne. 58
Figure 3.6Variation of torque with PP thickness and magnet volume.................. 6l
Figure 3.7Variation of torque and shear stress with air gap length..................... 62
Figure 3.8Net face on PPR with air gap length...............ooooiiiiie e, 63
Figure 3.9Variation of torque and shear stress with asymmetric air gap
(01153 11 01T o O 64
Figure 3.10Variation of transmitted torque wit(Magnet Volume 2xfthn?) .......... 65
Figure 3.11Variation of shear stress with(Magnet Volume 2xftn?)................... 65
Figure 3.12Variation of torque and shear stress with magnet distribution
(Magnet volume 2XENT) ..........ccovoieecee e 66

VI



Figure 3.13Variation of torque and shear stress with magnet distribution

(Magnet volume 4XBMNT).......c.oovoeeeeeeeeee e 67
Figure 3.14Variation of torque and shear stress with magnet distribution
(Magnet volume BXEMNMT).......c.oov oo 67
Figure 3.15Variation of torque per magnet volume lwvinagnet distribution
(Magnet volume 2XBMNT).......c.oovreieeeeeeee e 68
Figure 3.16Variation of torque per magnet volume with magnet distribution
(Magnet volumMe AXTBNMT) .......c.oovreeeeeeeeeeee e eenees 68
Figure 3.17Variation of torque per magnet volume with magnet distribution
(Magnet volume BXEMNMT)........oovieieeeeeeee e 69
Figure 3.18Variation of torque with and magnet volume for different values of
(N 1) R 70
Figure 3.19variation of shear stress and magnet volume for different values of
(N 1) R 70
Figure 3.20Variation of torque and shear stress with the ratio of air to
ferromagnetic material...............ccccoovviiiieeee e [ 2
Figure 3.21DeSigN 2 POIE PIECE........cevieiiiiieii et erenrs e e 73
Figure 3.22Variation of torque and shear stressthwithe ratio of air to
ferromagnetic material................cccoovviiiieeee e 1 3

Figure 3.23Harmonic spectra of gat different radial positions. (Design 2 PR)......74
Figure 3.24Harmonic spectra of Bat different radial positions. (Design 2 PR)......75
Figure 3.28Harmonic spectra of Bat different radial positions. (Design 2 PR)......76

Figure 3.2@Design 3 pole piece wherddisa) <l,b)=landc)>1..................... 77
Figure 3.2V/ariation of torque with ratiolo. (Design 3 PP)........ooovvvviiiiiiiiiiieeee. 77
Figure 3.28Variation of shear stress with ratigly.(Design 3 PP)...........ccccceeeennnn. 78
Figure 3.29Variation of electromagnetic force per PP; Wwith ratio i/l

A(DESIGN 3 PP)..iieeeeeie et ee e e e e e e 78
Figure 3.30Design 4 pole piece with a) Single Flux Barrier and b) Dual Flux

2 T = PP PP PUU R PP 79
Figure 3.31Variation of torque and shear stress with a single flux barrier

(DESIGN 4 PP) ..ttt 80

Figure 3.32Harmonic spectra of Bat different radial positions. (Design 4 PR)......80
Figure 3.33Variation of torque and shear stress with a dual flux barrier

(DESIGN 4 PP) ..ttt 81
Figure 4.1Proposed PP shapes and associated support strudduEs................... 85
Figure 4.2Proposed P shapes and PPR Structuff@s?] ..............ooooviiiiviiinennninnns 86
Figure 4.3Flowchart of PPR structure analysis............ccocvvveeiiimmniiiieice e 88
Figure 4.4Ansys analysis a) Geometry connection b) Mesh c) Static loading d)

Y0 ] 1o o USRS 89
Figure 4.5Variation of axial force on a PP with air gap length ahdduring

ASSEMDBIY). .- 90

VI



Figure 4.6Variation of Von Mises stress in a PP with air gap length And

(AUIING @SSEMDIY) ...ttt 90
Figure 4.7Variation of deformation on a PP with air gap length @¢turing

ASSEMDIY). it a—— 91
Figure 4.8Ansys analysis of normal operation PP forces a) Static loading b)

SHrESS ANAIYSIS....cciiiiiiieiiiti e 92
Figure 4.9Variation of torque with the ratiof inner to outer radius (during

NOFMAI OPEIALION)......uutiiiiiiiieeee e e e e eeeee ettt e e e e e e e e 93
Figure 4.10variation of peak EM axial force on a PP with the ratio of intee

outer radius (during Nnormal OPEeration)............cceeereeeeeeeeecerienneeenss 93
Figure 4.11Variation of peak Von Mises stress in a PP with the ratio of inner

to outer radius (during normal operation)...........ccoeeevvvevveiiennneeeeeeeenn. 94
Figure 4.12Variation of deformation in a PP with the ratio of inner to outer

radius (duing normal OPeration)............oooeiieeiiirimmmn e 94
Figure 4.13Typical pole PIeCE UESIGN.......uuuiiiiiiiiiiiii e 96

Figure 4.14Variation of force on a PP with its axial thickness (Design 1.PR)......96
Figure 4.15Variation of Von Mises stress on a PP with its axial thickness

(Ansys result) (DeSigN 1 PR)......cooooiiiiiiiiiiiiieeee e 97
Figure 4.16Variation of deformation on a PP with its axial thickness (Ansys
result) (DesigN 1 PP iiiiiieeee e 97
Figure 4.17Variation of PPR torque transmission with PP axial thickness
(DESIGN L PP ..ot r et reer e e e e e e et 98
Figure 4.18Variation of Von Mises stress with PRial thickness (Analytical
result) (DesigN 1 PP)....coooi e 99
Figure 4.19Variation of deformation with PP axial thickness (Analytical
resut) (Design L PP).....coooi e 99
Figure 4.2(Design 2- PPR With OULEr MNQG......covvviiiiiiiiiii e 100

Figure 4.21Ansys analysis a) Constraints b) Stress analysis (Design 2.PR).....101
Figure 4.22Variation of Von Mises stress with PP thickness (Design 2 PR)......102

Figure 4.23Variation of deformation with PP thickness (Design 2 PPR).............. 102
Figure 4.24Design 37 a) Typical PPR and b) Supported PPs c) Ansys
constraints d) Stress diStribULION............cciiiieiii e 104
Figure 4.25Variation of Von Mises stress with PP support percentage (Design
=] = RO 105
Figure 4.26Variation of deformation with PP support percentage (Design 3
PP ettt ettt ettt ettt ettt en et nnnannens 105

Figure 4.2Design 4 a) Supported PP with outer ring b) Stress distribution.....106
Figure 4.28variation of Von Mises stress with outer ring thickness (Design.4).107

Figure 4.29variation ofdeformation with outer ring thickness (Design.4).......... 107

Figure 4.3Mesign 5 pole piece withlhis a) <1,b)=1andc)>1..............ceenne 108

Figure 4.31Design 5 a) PP constraints b) Mesh c) Static loading d) Stress
ANAIYSIS. ..ot a e e e e e e e e 108




Figure 4.32variation of torque with ratiol,. (Design 5 PP)......coovvvvviiiiiiiiiiiieee 109

Figure 4.33variation of shear stress with ratigly. (Design 5 PP)............cc......... 109
Figure 4.34variation of Von Mises stress with ratidd. (Design 5 PP)................. 110
Figure 4.35variation of deformation with ratia/l,. (Design 5 PP)......cccccoooeeeee. 110
Figure 4.3@esign 6 Cylindrical pole PIECE............uvvvveiiiiiii e, 111
Figure 4.37Variation of torque with cylindrical PP axial thickness (Design 6
PP ) e 112
Figure 4.38Variation of force with cylindrical PP axial thickness (Design 6
PP ) e 112
Figure 4.3Cylindrical PP stress analys{®esign 6 PP)...........ccccvvvvviiiiiiieeeeneen. 113
Figure 4.40Variation of Von Mises stress with cylindrical PP axial thickness
(=TS o] I T d = T 113
Figure 4.41Variation of deformation with cylindrical PP axial thickness
(=TS o] I TN d = T 114
Figure 4.42Comparison of axial force on cylindrical and trapezoidal PP in an
AMG . e er——— ittt it e e e e e e e e e e e e s e as 115
Figure 4.43 Comparison of axial force harmonics on cylindrical and
trapezoidal PP inan AMG..............oouuiiiiiiiimreeceees e 115
Figure 444 Comparison of radial force on cylindrical and trapezoidal PP in a
(1Y PP 116
Figure 4.45 Comparison of radial force harmonics oryliadrical and
trapezoidal PP iN @ CMG.......cccoooiiiieeiiiiiiiieeee e 116
Figure 4.46Reinforced PP a) Trapezoidal b) Cylindrical (Design 7 PR)............. 117
Figure 4.47Spoked pole piece rotor (Design 8 PR)........coooeeeiiiiiiiiieee e 118
Figure 4.48A PP assembly method................ccooiiiieeee e 118
Figure 4.49Variation of axial force on cylindrical pole pieces (with radial
11T 1 T0] o) PSSP 119
Figure 5.1Axial field pseudo direct drive struces (AFPDD) a)}111, b}122
AN CY2L2. . it a e 124
Figure 5.2Modelling an axial field PDD a) FEA meshed model b) Isometric
half MOdEl VIEW........eeeiiiieiiee e eeeee e 125
Figure 5.3Variation of pultout torque with stator magnet thickness in AFPDD
with trapezoidal PP and for different HSR magtmétknesses........... 127

Figure 5.4Variation of B at stator surface with stator magnet thickness in
AFPDD with trapezoidal PP and for different HSR magnet
ENICKNESSES. . ettt 127

Figure 5.5 Variation of electric loading with stator magnet thickness in
AFPDD with trapezoidal PP and for different HSR magnet

thICKNESSES. ..o 128
Figure 5.6Variation of T/MV with stator magnet thickness in AFPDD with
trapezoidal PP and for different HSR magnet thicknesses............. 128




Figure 5.7Variation of T/AV with stator magnet thickness in AFPDD with

trapezoidal PP and for different HSR magnet thicknesses............ 129
Figure 5.8Variation of torque with PP thickness in AFPDD with cylindrical
P EPP S SPUPPRRSRP 130

Figure 5.9Variation of Byn,gwith PP hickness in AFPDD with cylindrical PPs.....131
Figure 5.10Variation of electric loadingvith PP thickness in AFPDD with

CYHNAFICAl PPS... .o 131
Figure 5.11Variation of T/MV with PP thickness in AFPDD with cylindrical
P P S, e e e e e e 132
Figure 5.12Variation of T/AV with PP Thickness in AFPDD with cylindrical
P P S, et a e e e e e 132
Figure 5.13Axial Coil Geometry for a concentric winding..................vvvvvvimneee.. 133
Figure 5.14HSR magnet eddy current plot a) Single segment per magnet pole
b) Multiple segments per magnet pole.............oovvvvvvvvicceeieeeeeeeiinn, 137
Figure 5.15 Variation of magnet eddy current loss with HSR magnet
segmentation (PPR speed = 1120rPIM)......cuuveeiieeeeeeeceenriiiieae e 137
Figure 5.16Variation of efficiency with slot axial length at different PPR
SPEEUS ...ttt er—— e e e e e e e e e e e e ———— 139
Figure 5.1 ariation of loss with slot length (PPR speed=1120rpm, slot length
RO S 111 1 1) TSP PPPPPPUPUPRPRRP 140
Figure 5.18Variation of efficiency witlrg at different PPR speeds..................... 141
Figure 5.19Variation of loss withUrs (PPR speed=1120rpm, slot length =
TR ] 0] 1 1) TSR 141
Figure 5.20Variation of efficiency with torque at different PPR speeds (Slot
Length = 13.8MM).......oviiiiiiiiie e 142
Figure 5.21Variation of loss withUrg (PPR speed=1120rpm, slot length =
1010011 ) OO PPUSRN 142
Figure 5.22Variation of efficiency with torque at different PPR speeds (Slot
length = 50.0MM)....cccoiiiiiiiii e 143
Figure 5.23Thermal lumped parameter a) General arc segment and b)
Resistance NetWOoB.17]..........uuuuiiiiiiiiiiiiii e 147
Figure 5.24Thermal lumped parameter implementation in Matlab Simulink.....147
Figure 5.25 umpel parameter model Matlab Simulink madel............................ 149
Figure 5.26Thermal symmetry in a) Geometric model and b) Ansys thermal
0700 [ P 149
Figure 5.27Variation of winding temperature with Erating Factor for case
CONVECHION COETICIENT.......ceeeeeeeeie e 151
Figure 5.28AFPDD Temperatures (Case heat transfer coefficient 30%Kjn........ 153
Figure 5.2%tator Temperatures (Case heat transfer coefficient 30%)m.......... 153
Figure 5.30Case Temperatures (Case heat transfer coefficient 36Wm............ 154
Figure 6.1Cross section of an AFPDDL..........ccuviiiiiiirreeeee e 159
Figure 6.2C0MPONENT SITUCTUIE........cooiiiiiiiieieeee e eeeee bbb 159




Figure 6.3Stator @SSEMDIY........uuuueiiie e e e eene e e e e e e e e e e e eeaaanaees 160

Figure 6.4Stator magnet retentiQn............coooviviiiiiiieeer e 161
Figure 6.5Stator both assembly features...............uvvviiiccceiie e, 163
Figure 6.6Winding a) Tooling b) Wound coil ¢) Coil cross section d) Stator

[T 0] g oI o0 1 1] o 164
Figure 6.7Variation of axial length per stator tooth.................cccoeiiiieeeiiii e, 165
Figure 6.8Stator array a) During bonding b) Bridge magnet ¢) Complete array

d) Magnetisation pattern............ccceeeeiiiiiiiieeme e 166
Figure 6.9Stator a) Mould CAD model b) Encapsulated stator.......................... 167
Figure 6.10TWO0 rotor assembly............coooviiiiiiiiiiee e 168
Figure 6.11Shaft bending deformatian..................iiiicccieeeiiiicece e 169
Figure 6.12Shaft bending VOIMISES SIrESS..........uuvuiiiiiiiii e e e 169
Figure 6.13HSR a) No axial loading and b) Wigtxial loading.................ccceeveee. 170
Figure 6.14Shaft and HSR bearing arrangement..............cooovvvvimeeeeeeeeeeeeeeeeninnns 172
Figure 6.15HSR bearing prdoading arrangement..............cccceevevviiieeeieeeeeeeeeeee, 172
Figure 6.16Variation of hoop stress with HSR speed................oviicrrieeeevinnns 174
Figure 6.17HSR a) Back iron b) Hub on shaft ¢) Rreagnet bonding d)

Completed HSR.......oouiiiiei e 175
Figure 6.18PPR structure with cylindricaPPS.............ccceeiiiiiiiie e, 176
Figure 6.19% | nlteecki ngé HSR..and..RRPR................ 177
Figure 6.20PPR a) Preassembly b) Assembled with HSR c) PP insertion d)

Completed PPR........oecicee e 177
Figure 6.21Case design a) 3D view and b) Cross section view.....................oe. 178
Figure 6.22AFPDD a) Case and maoting bracket b) Encoder and wiring

[0 11 | {0 11 | S PPRP 179
Figure 6.235tatic torque test SEtUR........coeeiiiiiiieeiiieeee e 182
Figure 6.24variation of torque with HSR angular position..............cccoeeeeeceennnnns 182
Figure 6.25variation of EMF with time...............ccooiiiiiieee e, 183
Figure 6.26variation of EMF with time (before and after reassembly).............. 184
Figure 6.2/ariation of EMF with time (after reassembly)..............coevviiiiieeennnne. 184

Figure 6.28Test setup a) Drive cabinet b Drive machine coupled to AFRDD....185
Figure 6.29ariation of torque and power with PPR speed (No load condition)186

Figure 6.30variation of temperature wWith time............cccocveiiiiicmnice e 186
Figure 6.31Air gap in a) FEA model and b) Manufacturemtype..................... 187
Figure 6.32Variation of loss with PPR speed (No load condition)...................... 188
Figure 6.33ddy currents in a) Aluminium PPR hub and b) Stainless steel PPR
AUD .. ——— 189
Figure 6.340n [oad Matlab model..............ouviiiiiiiiiieecii e 190
Figure 6.35variation of torque with PPR speed (On load)..............ccevvvviiiieennnee. 191
Figure 6.36Variation of torque with time (AFPDD MG pudlut)..............ooooeiiinnnns 192

Xl



Table 1.1Comparison of soft magnetic materials............cccceoiiiiiieeceveiiiiiieee e, a

Table 2.1Parameters of studied alternative winding PDDs...............cccvvvvicmmee.. 33
Table 2.2Parameters for iron 10Ss calculations..............cocceiiiimemnniniieee 42
Table 2.3Parameterof optimised alternative winding PDDS..............ccccvvvvvvvieeee.. 43
Table 3.1DeSigN apPrOaCh..........ccooiiiiiiiiiiiieeee e 59
Table 3.2FEA Model parameterS..........oovvuvviiiiiiiicmreeeeeinierse s eeernnnn e 60
Table 3.3PPR investigation parameters..............uuueeiiiiiiceererriiiiireee s e e e e eeeesaneennns 71
Table 5.1Hysteaesis loss analysis (PPR speed = 1120rpm)..........cccoevvvvvvvveenenn. 136
Table 5.2 Predicted losses in the components of the AFRDD...............cccoveeee. 152
Table 5.3 Stator component temperatures (Case heat transfer coefficient
BOW.IAZK). oottt ettt eeeees et en e 152
Table 6.1Stator tooth assembly method...........ccooeeeiiiiiicceeiiii e, 162
Table 6.2Summay of AFPDD parameters............coouvevvivvviiimmmreeeeieeeeieiisnnenee e 180
Table 6.3AFPDD electrical parameters..............ovuvvuueieiiccceeeeeeeiiiiieen e e e e e eeemens 181

Xl



Nomenclature

Symbol Definition Units
(A,C,L)MG (Axial, Co-axial, Linear) Magnetic Gear

0 Area 9
o Slot Area 9
AFMM Axial Flux-Modulated Motor

AFPDD Axial Field Pseud®irect Drive

AF Axial Field

AINiCo Aluminium Nickel Cobalt

BLAC Brushless AC

0 (6 L0 ) Flux Density (maximum, minimum) [T]
By, By, B; Flux Density Component (¥, z) [T]
B, By Flux Density Component (radial, circumferential)  [T]
B Fundamental Flux Density [T]
0 Bearing Load Rating [N]
0 Cogging Torque Factor

CFD Computational Fluid Dynamics

Q Lamination Thickness [m]
Dayv Average Diameter [m]
0O ,0 Tooth Diameter (inner, outer) [m]
O ,0 Diametric Limit of Winding (inner, outer) [m]
E-CVT ElectricContinuously Variable Transmission

EM ElectroMagnetic

% Youngo6s Modul us [Pa]
"Q,"Q Bearing Factor (fatigue life, speed)

O Centripetal force [N]
O Force (minimun [N]
0,0 Bearing loading force (axial, radial) [N]
O Fitting force (axial) [N]
O Nut axial clamping force (minimum) [N]
"Q Electrical Frequency [HZ]
"Q Mechanical Cycle Frequency [HZ]
"Q Pole Piece Frequency [Hz]
00 Force (axial) [N]
FeCo Iron-Cobalt

FEA Finite Element Analysis

Q Air gap thickness [m]
Ofih Preset bearing preload [N]
Gy Gear Ratio

GCD Greatest Common Divisor

QQ ,7Q Heat Transfer Coefficient (surface, air gap, shaft) E\r/nvz./o(:)]
HSR High Speed Rotor

XV



‘O Current (rms) [A]
) Second moment of area [m”]
0,0, Thermal Conductivity (axial, circumferential, radial) E\r/nv‘fC)]
0 Number of Consecutive Magnets

o) Distribution Factor

ko) Classical Eddy Current Loss constant

0 Hysteresis Loss constant

ko) Pitch Factor

ko) Packing Factor

Q Winding Factor

0 Thread tightening factor

0 Back EMF Constant [V.s.rad’]
li, lo Length of arc (innemuter) [m]
o ,0 ,0 Thermal Path Length (axial, circumferential, radial) [m]
0 ,0 Inductance (Self, Synchronous) [H]
0 ,0 End winding Length (inner, outer) [m]
0 ,0 Length (conductor in thelot, total winding) [m]
a HSR outer ring length [m]
0 Bearing lifetime derating

La Active Length [m]
0 Shaft Length [m]
LCM Lowest Common Multiple

LSR Low Speed Rotor

LPM Lumped Parameter Model

a 1l Mass (magnetotor, shaft) [ko]
0 Frictional moment on bearing [N.mm]
0 Inductance (Mutual) [H]
n Harmonic Order

Ns Number of Pole Pieces

0 Number of Minor Loops

N Number of conductor turns

00 Nusselt Number

0 Number of bearing of sanwientation

0 Bearing loss (due to friction) [W]
NdFeB Neodymium Iron Boron

nm.,n) Pole pairs on rotor (highpeed, lonspeed)

b Power Factor

0 Radial Pressure [Pa]
EZB”(H‘ySt'Peddy' Iron Loss (Hysteresis, Classidadldy, Excess) [W]
Peu Copper Loss [W]
PDD® PseudeDirect Drive

PM Permanent Magnet

PMSM Permanent Magnet Synchronous Motor

PP Pole Piece

XV



PPR Pole Piece Rotor

0,0 Power (Output, Total Loss) [W]

q Number of phases

Oph Number ofspokes per phase

0 Electrical Loading (rms) [Am™]
O, Number of Slots

rd ,i i) Radius (inner, mean, outer) [m]
i, Arc segment radii (inner, outer)

2,2 ,2 Thermal Resistance (Axial, Circumferential, Radial) [°C/W]
Y ,Y Resistance (per coil, per phase) [a]

2 , 2 Thermal Resistance (Convection, Conduction) [°C/W]
Y Stator Bore Radius [m]

Y Machine Outer Radius [m]

2 A Reynolds Number

RFMM Radial FluxModulated Motor

RF Radial Field

RNA Reluctance Network Analysis

SMC Soft Magnetic Composite

SmCo Samarium Cobalt

SmFeN Samarium Iron Nitride

SPM Somaloy Prototyping Material

0 Machine Periodicity

0 HSR outer ring thickness [m]

0 Nominal Pole Piece axidgihickness [mm]
YCY ,7Y) Torque (Axial machine, Radial machine) [N.m]
Y Time Period [s]

4 A Taylor Number

Y Electromagnetic Torque [Nm]
Y AFPDD Torque (High Speed Rotor) [Nm]
Y AFPDD Torque (Pole Piece Rotor) [Nm]
YUY Temperature (operating, reference) [°C]
TEFC Totally Enclosed, Fan Cooled

TIAV Torque per Active Volume [N.m“]
TIMV Torque per Magnet Volume [N.m“]
TRS Tensile Rupture Strength

V Volume [m”]
W DC Link Voltage [V]

Oy ¢ Mean widthof PP [m]

W, M Bearing Load Factor (radial, axial)

Yq Slot Pitch (in number of slots)

| Slot opening proportion

| Angle of arc segment [degrees]
| Temperature coefficient (copper resistivity)

| Electrical angle betweestar of slots [degrees]
|

Ratio of Air to Ferromagnetic Material

XVI



Slot pitch [degrees]
Tooth body to slot pitch ratio
Tooth pitch to slot pitch ratio
Hysteresis Loss constant
Half Tooth Slot Pitch [degrees]
Beamdeflection [m]
Shaft deflection (due to shaft, due to load) [m]
Back EMF [V]
Efficiency
Angular Position [radians]
HSR Tilt angle [degrees]
Ratio of Inner to Outer Diameter
- . W/

Thermal conductivity of air (M.%C)]
Permeability of free space [H/m]
Kinematic viscosity of air [m°.s"]
Linear velocity (PPR) [m.s?
Resistivity of Copper (Operating Temperature,
reference) [a . Im
Electrical Conductivity [ .m7]
Shear Stress (axial, radial) [Pa]
Hoop Stress [Pa]
Beam Stress [Pa]
Coil Span Angle [degrees]

1 Relative speed between bearing races [r/min]

] Critical speed [rpm]

1 Rotor Speed (HSR, LSR, PPR) [rad.s']

] Rotor Speed (Relative) [rad.s"]

1 Relative speed (between HSR and LSR) [rad.s"]

XVII






Chapter 1

Introduction

1.1. Motivation

Substantial research is being carried outléwide to develop technologies whiatheet

the increasing demarahd utilisation of energy resourcédodern applications, such as
renewable energyand electrical vehicles, place a premium on electezhanical
energy conversion in a power dense and high efficiency maihese applications

often employ mechanical gearbox components whentoigjue lowspeed operation is
required in a low cost anldghtweight format. The higlspeed lowtorque input of the
gearbox is transferred to a lespeed higHorque output via mechanical contact
between gear sets. This mechanical interaction of gearbox components results in several
associated issues such asréguirement for lubrication and maintenance, generation of
acoustic noise, vibration transmission and damage inloadr conditiong1.1]. This

can result in a low system utilisation, requiring labour intensive maintenance and
replacement of components after a gearbecomes unserviceale.2]. Due to these
inherent challenges for drivetrains with mechanical gear boxes it is desirable to reduce

the number of gear stagesremove the mechanical gearbox entirely.

Magnetic gears (MG) and magnetically geared machines, which physically and
magnetically integrate a magnetic gear within a synchronous AC electrical machine,
offer an attractive alternative to the mechanical lg@af1.3] [1.4]. Due to the lack of
physically connecting components the requiremér periodic maintenance and

lubrication are essentially eliminated. During an elead condition the magnetic gear




Opella psé, during which additional acoust.i

lasting damage should occur within the drivetfdi.5]. The compliance of the magnetic
gear significantly reduces the transmission of torsietaktions which is particularly
beneficial in certain applicationfl.6]. Furthermore, ragnetically geared electrical
machinesare capable of achieving larger torque densities than those of equivalent
conventional permanent magnet (PM) machifidge resulting drivetrain may offer a
competitive alternative to a conventional machgsarbox arrangement and are a good

candidate for use in the automotive and wind turbine sejdtafk

As MGs and MG integrated PM machines advance from technology demonstrators and
prototypes, research is focusing on cost reductioms improved manufacturability.

With the technology maturing and finding applications in a variety of fields from -down
well oil and gas, automotive traction motors, aerospace actuators and marine
propulsion, the ease of manufacture and mechanical robudbeessne important
considerations, in addition to the electromagnetic performance. Several aspects of the
technology are yet to be investigated and present potential opportunities in which the
advantages of the MG technology can be exploited in a moretrabdssimple to

manufacture manner.

1.2.Trends in AC Machines and Materials

AC electrical machines are typically categorised between two fundamental types, those
being synchronous or asynchronous. The most extensively employed asynchronous
machines are AC indtion motors whereas synchronous machines include brushless
PM machines, variable reluctance, switched reluctance and hydqte&isisvVhen
supplied with sinusoidal current and voltage, brushless machines are known as

Permanent Magnet Synchronous Motor (PMSM) or Brushless AC (BLAC).

c

n

C




PMSMsare extensively utilised iapplicationswhere torque densitgnd efficiency are
primary requirements. Both radial field (RF) and axial field (AF) topologies exist with

RF PMSMs more&eommonly utilised due to beingherently balanced along tihexial

length This makes thenanufacture of smaller air gaps generally more achieValgg

AF PMSMs become favourable when the length is the prevailing constraint for
applicat ons s uch aswhaeuetl cdnilodiOfi[iviele RB and AF machine
topologies have historically been compared using the value of air gap shear stress as

given by, for the radial machine and for the axial machine given by:

(1.1)

(1.2)

where4 is the value of torque, is the mean airgap radius of the radial machineas
the active length of the radial machiheandi are the inner and outer radii of the axial

topology respectively as shownhigurel.1(a) and (b).

Figure 1.1 Electromagnetichearstressdefinition in a) Radiaimachine andb) Axial
machine

When considering the continuous rating of an electriathine, ypical values of shear

stressfor industrial machines >1kWair-cooledaerospace machines and largquid-
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cooled machines as¥bkPa, 2835kPa and 7A00kPa respectively ifiL..8][1.12]. In
the past these values were unobtainable due to the poor magnetic field strength and

coercivity of Ferrite or Aluminium Nickel ColigAINiCo) based materialgl.13].

The prevalence of applications which demand high efficiency and high pewsitydin

has increased alongside the global recognition that industries should limit their impact
on t he e ar t Asdsich the snoreasing egkobal demand for -emeh
Neodymium Iron Boron (NdFeB) and Samarium Cobalt (SmCo) can drive large
fluctuaions in the global prices of PM mater[al14][1.15]. As a consequence ongoing
research aimso reduce the quantitgf rareearth PMfor high-volume, cost sensitie
applications This is done by means of optimal use of PM material, new magnet
configurations and in some applications utilising the flux focusing efet6][1.17].

The increasing interesimongst researchers aptly seen in the volume of published

work concerned with PM machines, as showRigurel1.2 [1.18].
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Figure 1.2 Variation of interest in PM machines with time




Historically an improvement inthe maximum energy product of PM materials
corresponds to the development of new material with a higher maximum energy product
as seen irFigure 1.3 [1.19][1.20][1.21]. PMs such as Samarium Iron Nitride (SmFeN)
have the future potential to exceed the properties of NdFeB but requires further

development due to the difficulties associated with its manufagtz2].
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Figure 1.3 Variation of magnetienaterialsenergy product with time

The use of high energy PMs in volume restricted applications cdrtdesaturation of
the soft magnetic materials, necessitating the development of spestiedilsisuch as
the commonly used Low Carbon Steel or less usedQaivalt (FeCo]1.23]. FeCo has
been limited to applications such as aerospaeehich the reduced mass of the device

is the principle target and the increased saturation limit overrides the higher material

cost.

The soft magnetic material used in the construction of stator cores are predominately
thin laminations of electrical steel, typically stacked or wound in the case of RF and AF

machines respectivel{l.24]. An alternative stator core material is Soft Magnetic
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Composite (SMC), which is a sintered ferromagnetic powder used to form complex

threedimensional componentsa is particularly useful in AF machingt.25] [1.26].

Table 1.1 shows a comparison of the soft magnetic niatexvith their nodinear B-H

characteristics shown figurel.4.

. Tensile
Saturation L . .
. o Resistivity | Permeability | Coercivity | Strength
Material Magnetization . :
o i Ambd (M (Am1) | (MPa)
Low Carbon Steel
2.0 0.4 5000 55 586
(e.g. M27035A) [1.27]
Cobalt Irorj1.28] 2.4 0.4 15000 32 1344
Soft Magnetic
Compositél.29] 1.63 70 850 217 64

Table 1.1 Comparison of soft magneticaterials
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Figure 1.4 Variation of flux density with magnetic field strength (soft magnetic
materials)

Halbach arrays are used to further exploit+emeh PMs and prevent the need for large

yokes[1.30]. A r es wwlitdeendtdé doamgenet i ¢ field is produce




magnetic field in one direction while cancelling the field in the opposite direction as

shown inFigurel.5.

Figure 1.5 Halbach oriented magnet array

1.3.Magnetic Gears and Magnetically Geared Machines

In the past the transmission of torque has primarily relied upon two physically
contacting bodies, with the exception of fluid type couplings found in torque converters.
The earliest source found regarding MGs relates to an electromagnetic gear from 1901
[1.31] [1.32]. The device consists of two rotors which transmit force in acootact
manner, via the field produced from a coil excited rotor interacting f@rtomagnetic

teeth of a second rotor. Following this several magnetic type gears have been proposed,
mainly resembling their nemagnetic variants such as spur and worm, rack and pinion,
bevel gear, internal and external spur gears and planetary [¢e225[1.33] [1.34]

[1.35]. The special case in which the gear rati® is 1:1 is often referred to as
magnetic couplingsBoth radial and axial magnetic cougls have been employed to
provide ove#load protection with the structures shown kigure 1.6 (a) and (b)

respectively{1.36].




G

|
|
b) .

Figure 1.6 Magnetic Coupling structure a) Radial coupling and b) Axial coupling

For several decades a lack of interest in this technology persisted due to the poor torque
density which is mainly attributed to the available PM materials and their poor
topologicalutilisation[1.36]. In most cases only a single pair of magnets contriioute
torque transmission. An exception to this is the magnetic planetary gearbox, a kin to its
mechanical counterpart, in which each planet aids torque transmission and have been
shown to achieve torque densities of ~100kN/i37]. However, these required a high

number of planetary gears and as such the resulting structure is mechanically complex.

Another subset of mechaail gearboxes are known as strain wave or harmonic gears
[1.38]. These comprise of three components, one of which is aspegd wave
generator with an appropriate profile which rotates within a flexibledpeed rotor.

This produces an advancing waveform on thexifile component. Rotation of this
component within a fixed circular spline results with the engagement of teeth at
multiple points at the limit of the profile. Due to a different number of teeth on the low
speed and fixed circular splines, gear ratiosvabd50:1 can be achievdd.39]. A

radial field harmonic MG equivalent was proposed in 2010 and achieved-fiipple
torque transmission of up to ~150kN/mith a 360:1 gear ratifl.40]. The issue with

this MG arrangement remains thengplex mechanical arrangements and need to couple

8



an eccentric or flexible rotor with a concentric output. This can be overcome using a 2
stage arrangement but somewhat compromises the torque density of the gearbox. Axial
MG variants offer limited advantag in reducing bearing loads and operating at higher

Speedgl1.41].

1.1.1 Coaxial Magnetic Gear

The notion of a coaxial magnet gear (CMG) is indicated present in a US patant fr
1967[1.42). The employment of three distinct components with radially directed flux
and the use of an arrangement of pole rings is suggesf&digj [1.44]. However, no
further mention of the operating principle, including how the gearing effect is realised,
can be found until 1995 in which the necessary number of pole nandenodulators

is given[1.45]. In 2001 a paper by K. Atallah and D. Howe presented an analysis of the
spatial flux density distributions required fatorque dense CM(3..46]. The topology

of such a magnetic gear is showrFigure1.7.

Low-Speed Rotor
Pole-Piece Rotor

High-Speed Rotor

Figure 1.7 Coaxialmagneticgear topology

The magnetic gear topology proposed the use of high energy PM material to contribute
to the transmission of torque via field modulation using pole pieces (PP). The

ferromagnetiqole pieces are arranged onto a rotor and separated Hgmouns, non




magnetic segments. Accordingly this rotor structure is known as thepiecke rotor
(PPR). The higtspeed rotor (HSR) and low speed rotor (LSR) comprise of PM arrays
with alternatingpolarity segments of different pole number as showRigure 1.7. A
fixed-ratio radial flux MG achieved torque densities exceedin@klevm® and

demonstrated perforance close to that of mechanical gears.

Several attempts have since been made to further investigate the technology. Flux
focusing using tangentially magnetised PMs to exceed the airgap flux density of surface
mounted arrays have been analysed but ad#tgment to the torque ripplg.47].

Furthermore, the mechanisms and influences of end effects in radial magnetic gears

were identified1.48].

The reduction of torque ripple has received some attention with the use of interior PMs,
magnetskewng and so called O6pole pairingdé in whi

reduced for part of the axial lendth49] [1.50][1.51].

1.1.2 Linear Magnetic Gear

Linear motion drives have in the past been implemented using hydraulic or pneumatics
actuators. Both of these systeraguire lubrication, regular maintenance and can suffer
from seizing or jamming. Alternatively this motion can be achieved via electrically
powered linear actuators or by coupling a motor with a-t&mdw and nut style
gearbox. However, a compromise iseoftseen between the thristce density and
reliability of the systen]1.52] [1.53]. By employing the same working principle as
CMGs the Linear Magnetic Gear (LMG) has been developed to achieve a high
reliability, high thrust force system. The suggested topology of an LMG consists of the
same three essential components as CMGs but in a linearized topology as shown in

Figure 1.8. The possibility to eliminate these issues and beifrefih increased force
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densities compared to liquid cooled linear motors makes LMGs patrticularly suitable for

aerospace applications in which compact, force dense actuators are p{étérdped

T T T T I T I T I T1T14 | Fole-Prece
il | |

Translator

I__r High-Speed Transiato

Figure 1.8 Linear magnetic geaiopology

Two key aspects of the LMGs were identified upon the completion of a prototype
[1.55]. The volumetric force density could be optimised for low axial length-$yged
armatures and large air gaps. The compressive modulus of théermmms, norn
magnetic components of the PPR proved to be a critical design consideration as
variation inthe spacing between PPs~&% resulted in a reduction of the transmitted

force by~30%.

1.1.3 Axial Magnetic Gear

Furthermore, an Axial Magnetic Gear (AMG) presents yet another variant on the CMG
principle of operation. The potential to provide physical isotais of benefit in
applications such as the food and pharmaceutical sectors whilst the form factor means
AMGs may find use in iwheel automotive, aerospace and renewable energy
applications[1.56]. Torque densities in excess of 70kNmimave been realised though
significant challenges still remain relating to the strong axial forces within the device
[1.57]. The topology of an AMG is shown Figurel9. As wi th CMGG6s at
been made to develop the AMG including using flux focusing methods and reducing

cogging torqug1.58][1.59][1.60].
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| __'4/ Low-Speed Rotor
I |

| | | I<_/— Pole-Piece Rotor

— | B . o s o
I

Figure 1.9 Axial magneticgear topology

A number of hybrid magnetic gears have been proposed in which the PPs are removed
from between the PM array$.61][1.62][1.63][1.64]. This is achieved by modification

of the PPs to permit the transference of flux in a direction that is not aligned with the
magnetisation direction. These topologies canh&rrbenefit by reducing the leakage

flux at the edge of the PM arrays. However, construction of such devices remains

physically challenging.

1.1.4 Magnetically Geared Machines

The development of an electrical machine topology in which a PMSM is mechanically
andmagnetically integrated with a -dreel@gnetic gea
(PDD®) which offers the potential operational advantages of a MG within an electrical

machine. In 2008 the operating characteristics, electromechanical modelling and

realisaton of the radial topology shown iRigure 1.10 were achievedl.4] [1.65]. A

demonstrated torque density in excess of 60kNhstmpassed other technologies such

as radial and transverse field force cooled PM machines which exhibit torque densities

of ~30kNm/nt and~50kNm/n? respectively[1.66]. Furthermore, through the inclusion

of an additional rotor the device has also been proposed as a variable gear raio, pow

split device[1.67]

12



Stator with static
magnet array
(LSR in a CMG)

Pole Piece Rotor

High-Speed Rotor

Figure 1.10 s e udiezt@rive topology

Torque transmissiomia magnetic fields results in a low mechanical stiffness between
input and output rotors, compromising the speed and position control using
conventional control methods. In 2009 the limitations of conventional field oriented
control of a PDD were demomated[1.68]. The effects of inherent compliance of the
magnetic gear element can be addressed, with a full state feedback control employed to

suppresshte oscillatory nature and improve the controllability of the PDD.

The lack of physical connection between the magnetic gear prime mover and output
requires an understanding of the dynamic aspects such as inertia and compliance for
accurate motion contrdll.69]. Using position sensing from a single rotor a reduced
order observer control scheme for a PDD was implemented and allowed for an
improvement in the PDD mechanical structure and ease of integration within existing

systemg1.70][1.71].
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1.4.Magnetic Gears Principle of Operation

The MG principle relies on the coupling of two magnetic arrays via ferromaguaé

pieces. The PPs act to modulate the field of the PM arrays in such a way that an
interaction is caused between them and a resultant transmission of torque occurs. The
resulting asynchronous harmonic of one PM array set ofgmils is modulated tthe
harmonic number which relates to the number of pales on the second PM array. It

was shown that the spati@armonic flux density distributiomesulting from the

interaction of either PNotors is given byl.3]:

nahQ s @ s (1.7)

where 1| is the number of pole pairs on the PM array, is the number of PPs,
a N plofwB b , Qv v . The highest asynchronous space component is found at

G pandQ pand gives:
& n N (1.8)

whereny andn are the number of pole pairs on the higleed and lovspeed rotors

respectivelyThe velocity of the flux density space harmonic rotation is given by:

(¢
1 h =5 (2.9
angp @

an
ann

al =«

@l

1  ahQ

whereg 1 ] are the rotational velocities of the HSR, LSR and PPR respectively.
The gear rati6O is determined by the stationary component comparable manner to

that of planetary gearsoFastationary PPRO is givenrespectivelyby:

o N (1.10)

14



and for a stationary low speed PM roiOiis given respectively by

"0 (1.11)

N
Asn relates to the PM array which is usually static and in the case of PDDs secured to

the stator, it will from this point be known as the stationary PM array.

1.5.Modelling Techniques

The principle methods for investigating magnetic problems are analytical modelling,
Lumped Parameter Modelling (LPM) and Finite Element Analysis (FEA). The use of
FEA is a commonly used tool for the analysis of electric machih&g] [1.73]. FEA
predictions are generally accepted to deliver accurate resultsnégnetic field
problems. This is only entirely true as elements tend toward being infinitely small and if
the problem is defined correct[{.74]. Where possible FEA can be simplified using
geometric symmetry and is conducted in two dimensions (2D). The analysis of MGs
pose a challenge to FEA due to the dual air gaps, possibility of two moving components
and lak of periodicity[1.75]. This necessitates the use of multiple layers of elements
within air gap regions and appropriate modelling of the motion. One such mettia i
moving band technique to achieve accurate results without a large investment of

computational resource.

The use of LPM (also known as Reluctance Network Analysis, RNA) offers a
computationally efficient alternative to the finite element analysis @&sMThe
accuracy of LPM is dependent on the number of basic elements (sources and passives)
used to represent the physical aspects of a device. In a complex model a large number of

elements will be required but it is likely that each element will requee f
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interconnections with neighbouring elements. This technique has been employed to
analyse the CMG which exhibited a high accuracy and required low computational
effort [1.76]. Furthermore, a study of the LMG showed good agreement between LPM
and FEA and incorporated the effects of fioear stee[1.53]. Furthermore, when 3D
geometry is to be analysed the model complexity of LPM scales less severely than FEA

[1.77].

Analytical models provide the least computational resources by providing the solution

t o Maxwel | 0s equations, gi ven t he correct
characteristics. An early example of this for magnetic couplings relates the st#friess

force between the two PM arrafk36]. Further to this closed form expressions have

been developed which model the PM of a magnetic coupling as magnetic charge
distribuions and then relate the force and torque between the two charge distributions

[1.78] [1.79] [1.80]. These analyticamethods represent effective design tools when

compared to FEA. A quasinalytical model of the AMG was developed with a high

accuracy for predicting flux density but a 30% over estimate of output tordu& 1.

The optimisation of large magnetic gears using analytical models was carried out by A.
Penzkofer in[1.82][1.83][1.84]. The analytical model showed good agreement with

FEA and enabled the design of MG for wind turbines havifigiefcies of ~99%.
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1.6. Thesis Outline

The thesis structure shown kigure 1.11 outlines the work in this thesis and contains

the following:

Chapter 2 - PDD machines wit alternative winding configurations that simplify
manufacture are presented. Comparisons between the conventional and proposed
topology are made in terms of shear stress and efficiency. Furthermore, the pole piece

rotor forces of the proposed topology axamined.

Chapter 31 The modelling and scaling of an AMG are explored. Magnetic 3D FEA
is employed to analyse essential characteristics including the inner to outer diameter
ratio,_. Modifications to the conventional PP shape are investigated witkeffibets

analysed, particularly considering the output torque and magnetic forces.

Chapter 47 An investigation of the forces incurred by the PPs of an AMG during
assembly and normal operation are considered. Models of the mechanical structure are

employedwith various PP shapes and structures, to develop a more robust AMG.

Chapter 5 17 The electromagnetic design of an axial field PDD (AFPDD) is
investigated and optimised toward development of a prototype. Furthermore, the
thermal performance is examinadth the influence orthe choice of materials and

operating conditions of the AFPD&dnsidered

Chapter 6 i The challenges associated with the manufacturing process of an
AFPDD are examined. To simplify construction the choice of materials, shaft and
bearng arrangements and stator designs amalysed The testing of a prototype
AFPDD showed good agreement with FEA predictioltisoagh careful design of the

HSR and PPR supporting structures and materials are required.
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Chapter 7 1

Conclusions are drawn regarding the presented work

contribution to the state of the art implementation of MGs and PDDs.
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Chapter 2
O0OADOAT &8 S$EOAAO $OEOA %l A

alternative winding configurations

As magnetically geared machines advance from technology demonstrators and
prototypes, research fcusing on cost reductions and improved manufacturability.
With the technology maturing and finding applications in a variety of fields from -down
well oil and gas, automotive traction motors, aerospace actuators and marine propulsion
the ease of manufactiand mechanical robustness are becoming key considerations, in

addition to the electromagnetic performance.

The mechanical and magnetic integration of a magnetic gear and permanent magnet
brushless machine gave rise (RDBD®)RH.Asis o0 c a
develops towardrolume manufacturefor severalapplicationsmany design decisions

have already been considerdeor example, in order tamprove the mechanical
integrity early prototypesare superseded by closed structures in whitolhigh-speed

rotor (HSR) is competely enclosed within the poj@ece rotor(PPR) This, however,

makes posibn sensing for commation purposes more challengingequiring

advanced control methods to be develoj2e?i|[2.3].

As can be seen iRigure2.1, concentrateavindings have been extensively employed in

the design of PDDs, as this effectively decouples the selection of the number of poles
on the stationary magnet array and the number of statof2ldj2.4][2.5]. Therefore,

this chapter describes a method which significantly facilitates the realisation of the

stationary permanent magnet array, while coupling the process of winding axghjole
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selections. This approach should facilitate the use of automated winding processes

employed in low cost industrial induction machines, for example.

As can be seen iRigure2.2, in the proposed technique, a stationary permanent magnet
is fixed on a stator tooth. This provides a significantly more robust fixing method and
avoids the possibility of poles having to be mounted on the slot opdfilge 2.1.
However, in addition to linking the selection of the number poles and the number of
slots, in this topology, the magnetic fluxes produced by the stationary permanent
magnet arraywill also exhibit a significantly stronger coupling with the windings as

they return through the teeth and the baok.

Stator Pole Piece Rotor High-Speed Rotor
(PPR) (HSR)

Figure 2.1 Conventionakoncentratedvinding and stationary magnatray
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2.1.1.Gear Ratio Selection

The principle of operation of the proposed machine topologies remain consistent with
those outlined ir2.1]. The realisation of the magnetic gear component should yield
high airgap shear stss whilst maintaining low cogging torque. In turn the stator should
strongly couple the fluxes associated with the fundamental component of the flux
density waveform produced by HSR PMs and the winding. Selecting a single tooth per
stator magnet pole colgs the pole number to the&inding configuration and th
number of stator teethntrinsic to this is th@umber ofelectrical phases and order to

achieve a viable machine, the following conditions must be satisfied:

CR

en (2.1)

. 0
- (2.2)
& 0N 2.3)
€
0 — (2.4)
n
qn €
L (25)

wheren is the number of phase@b is the number of stator slof§, ¢ ds the number of

consecutivestator PMs per polg) andr) are the number of pole pairs on the HSR and
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stationary PM arrays, respectivety. is the number of modulating pefgeces, @ is the

gear raticand#-is theCogging Torque Factdg.6].

Figure2.2 (a) shows an example of a PDD, where each stator PM pole is mounted on a
stator tooth. Howeverhe use of multiple teeth petatorpole is made possible by
selecting the appropriate numlzérconsecutive magnets of the sapwarity (Q ¢ : p).

This can result in a different winding configuration as showriguire2.2(b).

Figure 2.2 Proposed realisation of PM magnet array and alternative winding with a)
Keon= 1 and b) kon= 2
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2.1.2.Winding Configurations

To analyse key electrical characteristics of the proposethchine configuration,
parametersincluding winding factorare required. The winding configuration is
determined using the method outlined [(h7]. For no rotor or stator skewintpe

winding factor for the fundamental compon&gtis given by:

~

0 00 (2.6)

where, Qis thedistribution factoiis given:

Q - - for evenn (2.7)
x T ,

Q — for oddn (2.8)
where,

| | O (2.9
, 0

n 7o (2.10

where| | is the slot pitch andis the greatest common divisor (GCD)ofindr . The

pitch factorQ is given by:

Q OE -Tc— (2.11)

wherethe coil span, y is given by:

i
e-

(2.12)

CAY
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Wheredﬁ is the number of whole slots per pole. An example of such a winding is shown

in Figure2.3.

Point

Phase A B C

Cross

Sec‘non—lllllllIIIIIIII'I'IL
Figure 2.3 Possible winding for machine with p 2, ns=11, p = 9 (shown in kgure
2.2(a))

2.1.3.Finite Element Analysis

Analysis of theproposed PDD structures required the use2bf FEA This was
accomplished usinghagnetestatic simulations of the PDDgositioned in the pubut
torque position. To find this position a scan of the PPR position with respect to the HSR
and stator magnetrrays was conducted. From this aspects of the geometry shown in
Figure 2.4(a) could beparametrially varied. Meshing, as seen kigure 2.4(b), was
implemented and the mesh density verified using mesh invariance testing. The physical
aspectsof the PDD as defined using the material properties, mechanical sets and
magnetisation dections assigned as shownHigure 2.4(c). Furthermore, an outer air
region surrounding the PDD was defined with a tangential magnetic field condition.
Solving thenow defined FEA gave the values of torque per region and along with
magnetic field plots such as those seen Bligure 2.4(d). Additionally, transient

magnetic analys wasemployedto ascertairvalues of iron losseddy current losP
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and PPR forced'he same procedures were applied to 3D analysis, albeit with increased

meshing and solving times.

Lo
00, 00D -
% 700. 000~

.

L4
//%/\\\

A
</

o
R

@ // \\\’ < 2

Figure 2.4 FEA procedure pGeometry b) Meshing c) Physics d) Solving

Due to the two moving elements (HSR and PPR) two sliding mesh interfaces are

required. In Flux 2D this is achieved by separating the air gap into thres, ldngefirst

layer being rotational, the second layer being static and the third layer being either
rotational or static. The typical air gap mesh of a PDD with alternative windings is

shown inFigure2.5.
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Figure 2.5 PDD Meshing procedure

2.2.Simulation Studies

Finite element analysis enabled the determination of the key paranmetérding the
fundamental airgap flux dengjt transmittedtorque and flux linkagejs used to
investigate the performance of the various topologies. The parameters of machines
under investigation are given frable2.1. Where applicable the quoted equivalent shear
stress values are taken at the gear elemenbptutiorque Furthermore, the rated torque

of the PDD was considered as 80% of the-puli torqie value.
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Quantity Value

HSR Pole Pairs 2-8
Gear Ratio 4-15
Cogging Torque Factor 1
Stator Bore Diameter 126mm
Stator Outer Diameter 176mm
Number of Electrical Phases 3
Airgap length(HSR-PPR) 1.5mm
Airgap length (PPHFixed Array) 15mm
Permanent Magnet Material N38
Pemerer oot 0 e
Relative recoil permeability of PM 1.044

Table 2.1 Parameters of studied alternative windiR®Ds

A single tooth per stationarPM array pole Q¢ ; p) accommodates the winding
configuration but results in a reduction of the stator magnet volume, isndkefined as

the ratio of slot opening to slot pitch. Common values for induction machines may vary
between 0.25 and 0]@.8]. Fon  m, Figure 2.6 shows the variation of the ptout

torque with gear ratio. ktkan be seen that the transmitted torque is reduced compared to
the conventional PDDEigure 2.1, employing aconcentratedvinding. The change of
geometry, due to the change of gear ratio, results in a reduction of torque with gear
ratio. This is further illustrated inFigure 2.7 and Figure 2.8, which show the space
harmonic spectra of the radial flux density waveforms in theapiegljacent to the HSR

and due to the stator PM arrdy can be seen that the magnitude of the asynchronous
space harmonics, responsible for torque transmission, are reduced by adopting a 1
magnet pole per tooth configuration. However, this effect isviatled for smaller
values of and as such low valuesofare preferablefigure2.9 shows the variation of

the equivalent shear stress withwhere it can be sadhat it has a significant effect, but
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it can also be seen that shear stresses similar to those of the original machine can be

achieved for smaller values pf

> Conc. Winding ph=2 [2.1]
—— Alternative Winding p, =2 I

600 —e— Alternative Winding p, =4 1
4001 ‘ Alternative Winding ph=5 ,
—— Alternative Winding ph=7
200+ . oo I
—a— Alternative Winding ph=8
04 6 8 1b 1é 1‘4

Gear ratio, Gr

Figure 2.6 Variation ofpull-outtorque with gear ratidor HSR pole numbsr
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Figure 2.7 Harmonic spectra of radial flux density resulting from the stationary magnet
array, p=23 in the airgap adjacent to the HSR=@
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Figure 2.8 Harmonic spectra of radial flux density resulting from the stationary magnet
array, p=27 in the airgap adjacent to the HSR=g
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Figure 2.9 Variation of shear stress at putiut torque with the ratio of angular slot
opening to slot pitch
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Following the case of a single pole per tooth, consecutive magnets of the same
orientation, Q ¢lofB can be used to produce multiple teeth per statgnet pole.

This modification offers the machine designer more choice of gear ratios. However, the
resulting equivalent shear stresses, as showhigare 2.10, are lower than those
attained with a valuef'Q p. Similarly to configurations with 1 stator pole per

tooth, higher shear stresses are achieved with smaller values of

110

----- Conc. Winding [2.1]
100 T _ph=2’ns=11’kcon=2 I
90 _ph=2,ns=17,kcon=2 i
N B0 keI ph=2,ns= 9'k00n=3 1
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% 70 ) —ph—2,.ns—11,kco
% 60
g
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3
n
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8.1 0.2 03 0.4 05 06 0.7 0.8 09
Ratio of Angular Slot Opening to Slot Pitch, a

Figure 2.10 Variation ofshear stress at puthut torque with the ratio of angular slot
opening to slot pitch fork,> 1

Figure2.11 and Figure 2.12 show the variation of the required active length withn

order to achieve theted output torque oL 20Nm (equal tdhe machine equipped with
concentratedvinding [2.1]). The machines with alternative windings require greater
active length than the conventional concentrated winding machigare 2.13 and
Figure 2.14 show the variation of efficiency at rated power, where only copper losses
0 are considered=or many values of , the alternative winding machines exceeded

the efficiency of theconcentrated winding machine.
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Figure 2.11 Variation of Required active length with the ratioamgular slot opening
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Figure 2.12 Variation of Required active length with the ratio of angular slot opening
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Figure 2.13 Variation of Efficiency with the ratio of angular slot opening to slot pitch
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when kcon >1 at rated poweas in[2.1]
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It can be seen that efficiency increased with increfasealbeit at the expense of
increased size. However, the PDDs with lower gear ratios can potentialhetsen at

higher speeds, as the mechanical constraints which restrict the maximum speed of the
HSR are similar for all machiseThe resultingmaximumachievable power of those
machines is shown iRigure2.15. The machines with lower gear ratios show increased
efficiencies when operated at higher speed, as seen in Figure 2.1Hganel 2.17

which show the variations of tlegficiencywith| .
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Figure 2.15 Variation of potential output power withPRat 500rpm,as in[2.1]
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In the proposed machine topology a single stator magnet is bonded to a single tooth.
This leads to a stator tooth carrying the flux from a stator magnet, the magnibts

high speed rotor and flux produced by the stator winding. This can lead to increased
flux densities in the teeth and the baakn. The resulting potential saturation can be
alleviated by increasing the thickness of the biagk and the teeth witha increasing

the width of a stator permanent magnet. Although this may also reduce the iron losses, it

may result in increased copper losses due to reductions in the slot areas.

Three designs have been selected for further anaigslading the iron Igses, where
the hysteresi§ , classical eddy curreit and excess eddy curreiht components

are considered and given:by

0 0 0 0 (2.13)
0 06 "Q (2.14)
- Q Q60

) ” 2.1

0 Sy 95 o (219
. Q Q6o ° o 216
v Y Q0 © '

where 6 is the peak magnetic flux densitQis the electrical frequency is the
lamination thickness, is the electrical conductivity an®,] and’Q are constants
determined from iron loss tests under sinusoidal flux demstyeforms and covering a
range of frequenciesnd flux densitiesThe FEA package was used along with than
loss constant valuegiven in Table 2.2 to calculate th iron loss of each desiga.9]

[2.10].
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Symbol Quantity Value Unit

Q Hysteresis loss coefficient 17.9 Wi’y QQ

f Hysteresis loss exponent 2.0

Q Excesdoss coefficient 8t pTm wi &Y 8QQ

Q Lamination thickness 0.35 mm
Conductivity of laminations ¢ pTr m a

Table 2.2 Parameters for iron loss calculations

For the polepiecesthe frequency is different from that of the stator and is given by:

Q4 “o“Tp“Q (2.17)

The strategy for selecting an optimal PDD with alternative winding involved
maximising bothairgapshear stress and efficiency for the rated output conditions (PPR
speed 500rpm, PPR torque 120Nm) within the stator outer diameter, 178mm and stator
bore diameter 126mnT.0 achieve the rated torque value the machine active length is
allowed tovary. Due to the changes in geometry, the fundamental flux linking the HSR

to the stator winding varies, thus causing a change in the required current density.

Table2.3 summarises the parameters and performance of the selected designs. It can be
seen that PDD designs with alternative windings can be achieved with high equivalent

airgap shear stresses as well as high efficiencies and power factors.
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Quantity Machine A Machine B Machine C
Winding Type Concentrated Alternative
HSR Pole Pairs 2 2 4
Gear Ratio 115 115 7.75
Number of slots 6 42 54
PPR speed (rpm) 500 500 500
Rated Torque (Nm) 120 120 120
Stator outediameter (mm) 178 178 178
Machine Axial Lengti(mm) 75 111 99
Copper losses (W) 175 102 165
Iron losses (W) 102 124 172
Efficiency 0.958 0.965 0.949
Power factor 0.95 0.99 0.98
Magnet Mass (kg) 3.27 4.46 3.74
Current Density (Andnni?) 1.5 1.3 1.7
Equivalent Airgap Shear Stres 101.4 73.2 71.0
(kPa)

Table 2.3 Parameters obptimised alternative winding PDD

2.3.Forces on the Pole Piece Rotor

In PDDs, the stator and HSR are very similar to those of conventional permanent
magnet machines, arnidey would essentially exhibit similar stresses. However, the PPR
is relatively unigue, and its manufacture may pose some challenges, since the pole
pieces must be laminated and essentially held in anrammetic and nenonducting
structure. Therefore, ¢hunderstanding of the dynamic and static forces theppetes

are subjected to is essential for the successful realisation of the rotor.

At rated load,Figure 2.18 and Figure 2.19, show the variation of the radial and
circumferential forces exhibited by a pgleece over a 60 degree rotation of PiER
These forces were calatéd by integrating the Maxwell stress tensor around each PP.

The PPR forces were then produced by summing the component forces d?Reach
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These have been presented over 60 degrees for illustration purposes, since the period for
the forces depends dhe gear ratio. If the gear ratio is noneger the period i

rotations of the PPR anel rotations of HSR. If the gear ratio is integer, the period is

one rotation of thd®PRand G, rotationsof the highrotor. Therefore, for machines A

and B, the period is 720° rotation of tRBR while for machine C the period is 1440°

rotation of thePPR The average radial forces for machines A, B and C are -J8N|

and-59N, respectively.

Figure 220 and Figure 2.21, show the harmonic spectra of the radial and
circumferential forces exhibited by a pgeece.lIt is worth noting that some spectral
leakage can be seen duethie samplesumber and finite nature dtie force profilelt

can be seen that for the 3 machines the first largest harmonic orqgrrjs The

corresponding frequencies of the harmonics are given by:
3
1 ¢ h—T (2.18)

where¢ is the harmonic ordeand]  is the speed of thePR
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Figure 2.20 Harmonic spectra of radial force profile (per pole piece) at rated load
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Figure2.22 shows the contour of the total force on the PPR rotor over &r@6fion of

the PPR, where it can be seen that the PPR rotor equipped with alternative windings
exhibit larger unbalanced magnetic pull. At no loBidyure 2.23and Figure 2.24, show

the variation of the radial and circumferential forces exhibited by apete. The
average radial force during the-temd condition for machine8, B and C are 0.5N,

107N and-82N, respectively.
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Figure 2.22 Variation of total PPR forces at rated load
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Figure 2.23 Variation of the radial face (per pole piece) with PPR angular position at
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It can be seen that the averdgeces exhibited by a polgieceare significantly affected
by the load conditionFigure 2.25 and Figure 2.26, show the harmonic spectra of the
radial and circumferential forces exhibited by a palece. Figure 2.27 shows the
contour of thetotal force on the PPR over a 3606tation of the PPR. It can be seen that

the average unbalanced magnetic pull is similar to the rated condition.

In both the no load and rated load conditions it can be seen that the PDDs equipped with
alternative winding at subjected to higher forces, both per PP and as a PPR. This is due
to there no longer being a complete array of magnets, as in the concentrated winding

machine, and is also influenced by the selectedrgéias
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Figure 2.25 Harmonic spectra of the radial force profile (per pglece) at no load
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2.4.Conclusion

A technique for the selection of PDDs equipped alternative windings is presented.
Simulation studies and comparisons with an exgsBRDD equipped with aoncentrated
winding are undertaker.ow values (0.250.3) of are required to achieve high shear
stress.lt is shown that PDDs with alternative windings can be realised, albeit with
reduced torque densit§apecial attention was given to the forces exhibited by a pole
piece, and it was shown that both the average and dynamic forces are affected by the
load condition. In both the no load and rated load conditions it can be seen that the
PDDs equipped with atnative windings at subjected to higher fordésvertheless,

shear stresses and power factors in excess of 70kPa and 0.98, respectively, can still be
achieved. It is shown that a significant advantage, in terms of ease of manufacture, can
be achieved whit maintaining torque densities in excess of 45kNtimder natural

air cooling conditions. Furthermore, this is achieved at power factors in excess of 0.9

and with current densities below 24mn?.
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Chapter 3

Electromagnetic design of an Axial Magnetic Gear

MG6s are wuswually employed in application
transmission of torque. A drawback of this is tlee of expensive ram@arth magnets
and therefore optimisation is vital to ensure effective use of magnetic material, gear

volume and overall mass.

Since the development of the CMG (@xial Magnetic Gear) considerable efforts have
been made to develop the-axial topology{3.1]. The AMG (Axial Magnetic Gear) has
received less attention aras such parameters which remain specific to the AMG
topology may require further analyg8.2] [3.3]. Modifications to the conventional

AMG include the use of Halbach arrgd@s4].

The AMG shown inFigure 3.1 has the same three components as the CMG, with the
high pole number magnet array considered as fixed and consequently magnetic gearing
between the HSR and the PPR. A reason for the lack of interest in the AMG may resu
from the pole piece structure as it undergoes significant axial forces. Therefore there is
motivation to optimise the structure to be both effective at transmitting torque whilst
achieving a higher level of mechanical integrifyo date limited literatte has been
published regarding the specifics of the pole piece rotor stru®atents regarding the
structure for radial magnetic gears exist which outline the magnetic and mechanical
characteristics of novel pole piece desifh5][3.6]. An attempt was made to skehet
trapezoidal poles to mitigate cogging torque for pole combinations which exhibit poor

cogging torque factoris [3.7].
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i O

Figure 3.1 Axial magnetic gear structure

Section3.1 presents key considerations when sizing an AMG and Sei@mxamines

the difficulties of modelhng AMGs. A magnetic optimisation of the AMG is described
in Section3.3 with the influence of the pole piece rotor structure upon magnetic gear
performance consided in Sectior8.4.

3.1. Axial Magnetic Gear Szing

The scaling of the torqu&andthe torque per active voluni§fw of the axial magnetic

gear can initially be detanined by:

Yo, P e — (3.1)

v 3.2
Y 1 p (32
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w “i p _ 0 (33)

— —1 = (3.9

where_is the ratio of inner to outer diameter,is airgap shear stresw,is the active
volume and) is the active length-or a constant outer radius, shear stress, air gap flux
density and active length the torque and torque per magnet volume scale as shown in

Figure3.2.

50

| ——Torque |
V|

Percentage Change (%)
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Ratio of Inner to Outer Radius, A

-100 :

Figure 3.2 Variation of key AMG parameters due to the ratio of inner to outer ragius,

3.2. Modelling Axial Magnetic Gears

Analytical solutions have been proposed as a less computational intensive alternative
for investigating the performance of magnetic gears. To analyse the problem the 3D
axial geometry is often simplified to a 2D representation via a rectilinear transformation

about the mean radius and the PPs are usually assumed to be infinitely pef&@&hble
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These solutions have achieved accurate flux density prediction but provide limited use
for considering torque output as errors as high as ~30% have been reported. The
rectilinear transformation implies a constant shear stress independent of radial position
and zero radial flux along the PPs toward the centre of the gear. Using FEA software
(Cedat Flux 3D) an intense flux focusing effect can be seethe PPs toward the
centre of the magnetic gear as shownFigure 3.3 with the upper magnet array

removed oér clarity.

ISOVAL NO VACUUM
2.000
1.833
1.667
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1.334
1.187
1.000

833.917E-3

£67.333E-3
500.750E-3
334.167E-3
167.583E-3

1.000E-3

Magnetic flux demsity / Vecter in T

Figure 3.3 Flux in a pole piece rotor extended to thexds

As the flux density waveforms were shown to closely represent that of the FEA model
this indicates that the 2D approach wifolding the gear about the mean radius is
unsatisfactoryn some instance§he mean radius should be formed from the radius at

which the integrals of torqu&are equal, agiven by:

A AO A &80 (35)

whereo is the areaj is the radius and, is the shear stress. When the shear stress is

assumed to be constaht mean radius is defined as:
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J— (3.6)

wherei is the inner radiusThe shear stresss a function of radial positigni can be

foundusingMa x we | | 0 s asdiverebg:s t ensor

0 Posisi 3.7)
where6 and 6 arethe circumferential and axial flux density components which
contribute to torque transmission and is a flux leakage component in the radial

direction. Theseylindrical flux density compagnts are given by:

61 61 A6 61 OEL 3.8)
6i 61 0EL 61AID 3.9)
6 1 =6 i (3.10)

where—is the angular position and the Cartesian flux density componesats , 0

and0 respectively.

Figure 3.4 shows the variation of shear stress as a functiatiashetric positon.It is

worth noting that the value of shear stress at a certain diametric position is given by the
average values of th&hear stresses around a circular path in the-fil¥@R array side

air gap.The shear stress shows less variatmwrhigher ratios of inner to outer radius,

A significant reduction in the torque producing component of shear stress is seen at the
outerdiameter (OD) due to the reductiondn . Figure3.5 shows the radial flux density

component is greater for lower values ofTherefore, the discrepancy in tbalculated
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torque output using a rectilinear transformation would be particularly exaggerated for

lower values of ,

100

such

as the

gear
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As this chapter will investigate a range of values_fand full 3D FEA will be used, it
is worth noting that a typical solution consisted of ~4million volume elements, taking

~3hours to mesh and ~3hours per step to solve.

3.3. Axial Magnetic Gear Optimisation

The design of a cost effective and torque dense AMG requires an understanding of the
key parameters of the AMG including air gap lengths, the PP axial thickness,
distribution d magnetic material and inner to outer diameter r&tioThese have to be
simultaneously consideret their influence may not be independent. Key performance
indicators include the torque and the axial force on the PPR which are both important
for the nmechanical design and realisation of an AMG. The investigation parameters

outlined inTable3.1 were conducted for several gear ratios.

Parameter Air G | t Total
under Ir Gap nner to . ota
investigation Pole Piece| Length Quter Magnguc Magnetic
. . ) Material ;
) Thickness | (per air Diameter C Material
Fixed . Distribution
Parameter gap) Ratio, 1 Volume
- 3
Total Magnet Material | 2x10mm o 1Gmm? | ox18mmt | 2x1Gmm?
Volume to
Magnet Material 50:50 50:50 50:50
Distribution
Inner to oqter diameter 055 055
ratio, 1
Air Gap Length omm
(per air gap)
Pok PieceThickness

Table 3.1 Design approach

The parameters given ifable 3.2 were used during thecomputer intensive, time
consuming 3D FEA. Quoted torque values are given by theoptiiorque of the AMG

and tke shear stress is the equivalent shear stress at the geautpoitjue
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Parameter Value

Outer Diameter 200mm
Permanent 'Magnenc N38
Material
Permanent Magnet (PM 1257
Remanence

Relative recoil

permeability of PM 1.044
Ferromagnetic Material Somaloy® 1000 3P
HSR Magnet Array Full pole arc, NorttSouth
Fixed Magnet Array Full pole arc, Halbach
Pole Piece Trapezoidal
FEA Analysis Type Magneto-static
Magnetic Gear Position Pullout torque

Table 3.2 FEA Modelparameters
3.3.1.Effect of the Pole Piece Axial Thickness
The PP thickness is crucial to the operation of the AMG. The torque transmission
capabilityincreases rapidly witincreasing PP thickness up to an optimum after which
a more gradual reduction in torque transmission is found as showigune 3.6.
Selecting a low PP axial thickness prevents sufficient modulation of the HSR and LSR
magnetic fields due to saturation within the PP, thus reducing the torque transmission
capability. A large PP thickness presents a large effective air gap between magnet arrays
and encourages leakage of the magnetic field, again reducing the torque smmsmis

capability of the AMG.
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Figure 3.6 Variation of torque with PP thickness and magnet volume

Therefore, it was considered prudent to ensure #éhieRness to the right of the peak

shown inFigure3.6. This is done by choosingRP axial thickness given by:

o — (3.11)

where¢ is the number of PRandi is the mean radius of the PPRhis ratio of mean
circumferential length and PP number ensures the PP shape remains essentially
6squareb, tthie wariation eofl torque rogtput due to the PP thickness

manufacturing tolences and maintaining a high torque transmissapability

3.3.2.Effect of the Air Gap Length

The desire for small air gap lengths to increase torque production has long been known
in electrical machines. Usually the air gap is determined by atfdetween machine
volume and the cost of achieving improved tolerances. In the AMG reducing the size of

each air gap significantly increases the transmitted torque and shear stress as seen in
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Figure3.7. However, the resulting net axial force on the PPR is also seen to increase as
shown inFigure 3.8. Viable AMGs are possible with 0.35mairgaps as forces on the
PPR remain within the limits of angular contact bearings for this scale of fSv8&
However, doublesided topologies should significantly reduce forces on bearings.
Although the increase in torque and force with reducing air gap length is to be expected,
these values are required for down selection of the gear ratio and further simulation

studies within thehesis
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Shear Stress (kPa)
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05 0.75 1.0 1.25 15 1.75 2.0 25
Air gap Length (mm)

Figure 3.7 Variation of torque and shear streadth air gap length
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Figure 3.8 Net force on PPR with air gap length

A gear withffj T and¢ ¢ uwas selected to examiriee effect ofasymmetric air

gaps on thetorque and shear stredsosvnin Figure3.9. An increase in théixed array

side air gap causlea greater reduction in torque asttkar stress than the HSR side air
gap.As the LSR pole number is highengtreturn path of the flux shorter and as such

the same increase air gap represents a higher proportional change in path léngth

the fixed arraythan HSR.Although output torque can be improved ioynimising the

fixed array side air gap, equal air gaps of 0.5mm will be usedhi® following
optimisations. This air gap would be achievable with the facilities available if the AMG
were to be prototyped whilst producing high levels of output torque for a given magnet

volume. Furthermore, equal air gaps should help balance thesfoncthd®PR
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Figure 3.9 Variation of torque andtear stresswith asymmetric air gap distribution
3.3.3.Effect of Inner to Outer Diameter Ratio
A key difference between the CMG and the AMG is theéal topology allows for
variation of the innediameter to outediameter ratiq_ . Figure 3.10 and Figure 3.11
show that the addition of magnet material for less thant@® has no significant effect
on the increase of torque production. This is due to the addition of lower volumes of

magnet material at low values_ofind tle reducing radii at which it is added.
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3.3.4.Effect of Magnet Volume Distribution

The use of magnetic material has a high impact on the device, both in terms of
performance and cost. In AMG the magnetic material is distributed between the HSR
and stationary magnet arrafhe most effective use of magnet material was investigated
by distributing a magnet volume between the HSR and fixed magnet arrays. The torque
and shear stress at three magnet volumes are shotuigure 3.12, Figure 3.13 and
Figure3.14. It is interesting to note that an optimum distribution occurs around 50:50
(HSR: Fixed) for lower magnet volumes but is biased toward the HSR for higher
magnet volumes. Furthermor€jgure 3.15, Figure 3.16 and Figure 3.17 show the

torgue per magnet volume decreases with overall magnet volume.
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Figure 3.12 Variation of torque and shear stress wittagnet distribution (Magnet
volume 2x1&mnr)
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The torque and shear stress determined by varying the magnet volume and ratio of inner
to outer radius are shown kgure 3.18 and Figure 3.19, respectively. The AMG with
0.5mm air gap andy T,¢ ¢ Uis able to achieve shear stress values in excess of
125kPa at moderate values of and magnet volumeThese design aspects are
considered optimal and will be utilised in Secti®d to investigatespecific aspects of

the PPRdesign
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3.4. Axial Pole Piece Rotor Topology

The AMG imparts large axial forces at same air gap lengths at which torque
transmission is most effective. As such the PPs require the ability to resist deflection in
the axial direction and thus prevent closing of the ajp.grhe PPR should also be

simple to manufacture and robust in its construction.

The following investigations regarding the PP design will use parameters givVabla

3.3. Soft Magnetic Composite (SM®@pgs lower permeability and higher resistivity than
silicon iron andas suchshould exhibitbetter iron loss performanc®ue to the
complexity of the structures under investigation the material chosen for both the back

iron and PPs was a high stren&ikC.

Parameter Value
Outer Diameter 200mm
Permanent Magnet Material N38
Permanent Magnet (PM) 125T
Remanence
Relative recoil permeability of PM 1.044
HSR Pole Pains, 4
. e 55:45
Magnetic Material Distribution (HSRLSR
Magnet Volume 6x10mm°

HSR Magnet Array

Full pole arc, Norttfsouth

Fixed Magnet Array

Full pole arc, Halbach

Ferromagnetic Pole Pieces,

25

Ferromagnetic Material

Somaloy® 1000 3P

Air Gap
Thickness 0.5mm
Inner to outer diameter ratipl 0.55
FEA Analysis Type Magnetostatic

Magnetic Gear Position

Pultout torque

Table 3.3 PPR investigation parameters
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3.4.1.Design 1

Theratio of air toferromagnetianaterial in the PPR, has been shown to affect the

transmitted torque iICMGs[3.1] [3.10]. The validation of this paramettr AMGs at
a fixed PPthicknessis shownin Figure 3.20. A ratio of O signifies the pitch is entirely
occupied by the ferromagnetic material where as a value of 1 signifies the pitch is

occupied by no ferroagnetic material.

When appropriate the value of @ will be used in the following investigations
due to this corresponding to the peak torque transmisaton @ an axial force

of ~250N is exists on eadPP which is significant given theae of the AMG

320 - 188.4

n176.7

-164.9

—183.1

~141.3

-11285

-1117.8

-106

Shear Stress (kPa)

—194.2

—82.4

L | | I L L |
0 0.1 02 03 04 05 06 07 08 09 1
Ratio of Air to Ferromagnetic material, @,

Figure 3.20 Variation of torque and shear stress with the ratio of air to ferromagnetic
material

3.4.2.Design 2

By creating an interlocking PP shape #ferrous, noamagnetic anadnechanically stiff

material can be used toport thePPsand thus reduce axial deflectiodm example
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of this structure is shown iRigure3.21. The central and a@er pitch of the shape can be
modified which provides a greater or lesser area for the PP and supporting material to
interact.Figure 3.22 shows that variation of &ier pitch results in a detrimental effect

on the magnetic performance of the AMG.

Central Pitch Outer Pitch

Figure 3.21 Design 2 pole piece
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Figure 3.22 Variation of torque and shear stress with the ratio of air to ferromagnetic
material
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The reasons for decreased magnetic performance are twofold. Fiesttgduction of
the central pitch causes an increase in circumfereletiédagemeasured at the axial
mid-point of the PPas shown by the increase of the component irFigure3.23. The
highest leakagés seen to occuat the inner rdii of the gear where the length of the

circumferential reluctance path is shortest
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Figure 3.23 Harmonic spectra 0By at different radial positions. (DesignPP)

Secondly, the reduction of the outer pitch reduces the torque produti®rio a
reduction of linkage between the magnet arrays andPte This is shown in the

reduction of thé& component irFigure3.24.
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The radial leakage flux densify is present in both variants as seeffrigure3.25. As

0 does not contribute to the production of torque a reducti@n imould improve the

magnetic performanagf the axial magnetic gear.

75



i
= 15| —_8 Pitt:hCeﬂ =05, Pitt:h0th =05 |
'E : : : L - : —=a Pich <05, Pich =05
E 1 Lo SO ....... ....... ....... —x PitChC8ﬂ=0'5’PitChOUT>0'5_
0 : : : : . -
£05
0
o~
|_
S
m" 2 ! T 1 11 T T T T 7 T 7 T 71
- g ' 5l : : o oo : — PltchCeﬂ =05, Pltch0th =05 I
el — . . . _
a g : : - R : J— Pltt:hCen <05, Pltt:hOut =05
5 ; 1+ . ; : —x PitchCeﬂ =05, Pitch0th >05 H
a § : -
w =
=
LL
2 T T T T T T T T T T T | T T T T
=T PP 00 U000 SR NN RN S S Piche, =05, Pitch, ;= 0.5 i
T I . Lo
@ —a PltchCen <05, PltchOut =05
5 1t — Pltt:hCeﬂ = 0.5 , Pltt:h0th =054
5 — :
O 05 -—
0

4 101112 13 14 15 16 17 18 19 20 21 22 23 24 25
Harmonic Number

Figure 3.25Harmonic spectra oB, at different radial positions. (Design 2 PP
3.4.3.Design 3
The traditional trapezoidal cross section is achieved when the ratio lengthiohdne
arca to the outer ar¢ is given by afa  _ as shown irFigure3.26(a). A variation
in the ratio of a¥& results in the squareross sectiorshown inFigure 3.26(b) at
afa  p. This shapes of particular interest as the resulting PP would be simpler to
manufacture Extendingafa  p results in a trapezoid that thins toward the outer
radius of the AMG as shown iRigure 3.26(c). This shape offers an opportunity to
reduce the force on the PP and therefore increase the mechanical robustness of the

structure.
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Figure 3.26 Design 3 pole piece wheld,is a) <1,b)=1andc)>1

The PP area adjacent to the airgap is fixed and a PP axial length givenvims used
for the comparisonf ¥t ratios The torque, shear stress and elmoiagnetic force per
PP are shown ifrigure 3.27, Figure 3.28 and Figure 3.29 respectively. The peak force
on the PPs corresponds to a value_of @ and as such this design point should be

avoided if possible.

Figure 3.27 Variation of torque with ratioil,. (Design 3 PP)
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