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Abstract

Permanent magnet eddy current coupling (PMECCs) are electromagnetic
devices which can transmit power from a motor to a load with no electrical or
mechanical connections. Resulting in vibration isolation, low maintenance, and
overload protection. However, PMECCs which have been considered exhibit
relatively lower efficiencies due to their torque slip- speed characteristics.
Consequently, their industrial applications as power transmission devices has been
limited, and have mostly been employed in braking and damping applications.
Therefore, in this thesis an investigation into the design and analysis of PMECCs for
power transmission applications, where efficiency is a primary requirement, is
undertaken. An example application considered in this thesis is limited-slip

differentials for electric vehicles.

PMECCs topologies described in the literature have mainly employed plain copper
sheets as a conducting material. Although, these were simpler and more cost
effective solutions, they suffered from relatively lower efficiencies. Therefore, it is
shown, that employing squirrel cage conductors embedded in softmagnetic cores,
results in significant improvement in efficiency, even when less conductive

materials, such as Aluminium, are employed.

3- dimensional finite element analysis is employed to design and analyse the
different topologies of PMECCs, such as radial, axial single- and double sided,
topologies. Furthermore, the theoretical findings are validated on a prototype, which
consists of a single-sided radial field PMECC, with one rotor equipped with 14
permanent magnet poles, and the other equipped with squirrel cage conductor having

17 bars embedded in slots.



Publications

S. Alshammari and K. Atallah, “Permanent magnet eddy current couplings for power

transmission”, to be submitted to IEEE Transactions on Magnetics



Acknowledgment

Before all else, | am very grateful to God for his infinite grace, mercy, and
provision. | would like to convey my truthful appreciation to my supervisor Prof.
Kais Atallah for his endless support and excellent supervision and guidance during

my PhD studies.

| would like to thank everyone in the department of Electrical and Electronic
engineering, my friends, and my colleagues of EMD group. A special thanks to the
technical staff Mr. Clive Thompson and Mr. Andrew Race for their support and

valuable suggestions during the manufacturing stage and laboratory tests.

| am grateful to my brothers and sisters for their constant encouragement during
my PhD studies. Last but not least, everlasting gratefulness to my wife Alia Alshammari
and my children Abdulaziz, Sadan and Abdullatif who made my life joyful and

supported me throughout my PhD studies experience.



List of figures

Fig 1. 1 Single sided PM axial rotating flux PMECCS ........cccccovvviiviviiiiece e 3
Fig 1. 2 Comparison between numerical and experimental results (2 mm air gap) ...4
Fig 1. 3 Single Sided PM Axial Rotating FIUX PMEC .........ccccccooiviveveiieceee e 5
Fig 1. 4 Developed torque versus relative SPeed ..........cceveieeieiie i 5
Fig 1. 5 Schematic of slotted eddy current couplings .........cccevviieiiverisiieseere e 6
Fig 1. 6 Fig 1.7 Comparison of torque waveforms predicted analytically and by the
nonlinear FEM for a slotted eddy current coupling with 24 slots and 12 poles ......... 7
Fig 1. 7 Double sided axial-field PMECC ..o 8
Fig 1. 8 Torque- speed CharaCteriStiCs .........cviieiieiiiiiieieciese e 8
Fig 1. 9 Single sided PM radial-field PMECC with sheet conductive rotor .............. 9
Fig 1. 10 Torque- characteristics of the case study coupler .........ccccovvevviveivennene 10
Fig 1. 11 Single sided PM radial rotating flux PMECCs with slotted conductive
(0] (0] ST PO T TP PR PP PR 11
Fig 1. 12 Transmitted torque versus Slip SPEEd ........cccccvveveiiieieeie e 11
Fig 1. 13 Double- sided permanent- magnet rotational coupler .............cccoevvvennenne. 12
Fig 1. 14 Double sided permanent magnets torque- speed characteristics ............... 13
Fig 1. 15 PMECC with a mechanical flux adjuster ..........ccccccoveviiiiiiicce e 14
Fig 1. 16 MFA with different moving diStanCes ...........ccccevievieiviieiieeiie e 14
Fig 1. 17 Torque-slip speed CharaCteriStiCs ..........cccoveviieiiiieiieiie e 15
Fig 1. 18 Exploded view of PMECC with movable stator ring ...........ccccceveveennnen, 16
Fig 1. 19 Fig 1.20 Movable stator ring (a) Isd = 1mm (b) Isd = 11mm [................. 16
Fig 1. 20 Torque- slip speed charaCteriStiCs .........ccccovveiiiiiieiie e 17



Fig 2.1 Electric vehicle by Thomas Parker 1884 ..........ccccccoveivevieiicieese e 20

Fig 2.2 France made Krieger electric landaulet, Washington D.C. in 1906 ............ 21
Fig 2.3 William Morrison’s electric vehicle in 1891 ........ccccovviiiiviiiiie e, 22
Fig 2.4 Thomas Edison with an electric car in 1913 ........cc.cccovveviiiccecce e 22
Fig 2.5 Ford Ranger eleCtric PICKUP .....cccooviieiiecece e 23
Fig 2.6 An automobile electrification leVel ...........ccccocevveiiiie i 24
Fig 2.7 Open differential ..o 26
Fig 2.8 Limited slip differential ............ccccooiiieiiiiiceceee e 27
Fig 2. 9 Schematic of @ VISCOUS COUPIING . .c.vvoveiiieiiiieieee e 28
Fig 2.10 Electric vehicle with separately controlled motor for each wheel ............. 29
Fig 2. 11 The differential induction machings ..........cccccceviviiiiieviic s 30
Fig 2.12 New European Driving CYCIe .......cccoviieiiie e 33
Fig 2.13 Electrical machine with integrated differential. (4 -wheel drive) ............... 34
Fig 2. 14 Variation of vehicles speed With time............ccccceviiiei i 35
Fig 2. 15 Variation of axle torque With time ........ccccoeiieii i 36
Fig 2. 16 Variation of vehicles speed With time.............ccccceveiiiei i 37
Fig 2. 17 Variation of axle torque With time ........cccoeiveii i 37

Fig 2. 18 Two-wheel drive integrated electrical machine and limited-slip

differential mounted 0N an axle. ... 39
Fig 2.19 Part-time 4WD configuration, with electrically controlled EMECC.......... 39
Fig 2. 20 PMECC efficiency map with high speeds ..........cccccovvviiieiiiiiiccicieeci, 41
Fig 3. 1 Cross section of permanent magnet eddy current couplings..........c...ccoev... 44
Fig 3. 2 Geometric parameters of the PMECCS.........ccccoiiiiiiie i 44
Fig 3. 3 PMECCs with 14/ 17 pole / slot combination.............ccccoveeviiiiieiiiecieesinens 45



Fig 3. 4 Variation of maximum transmitted torque with thickness of PM. (14/ 17

pole/slot combBbINAtION) .........c.coviiiic e 46
Fig 3. 5 Variation of transmitted torque with relative speed. (11mm slot depth) .....47
Fig 3. 6 Variation of transmitted torque with relative speed. (15mm slot depth) .....47

Fig 3. 7 Variation of maximum transmitted torque with endring length. (11 mm slot

Fig 3. 8 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (11 mm slot depth) ........cccooveiiiiiiec e 48

Fig 3. 9 Variation of maximum transmitted torque with endring length. (15 mm slot

Fig 3. 10 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (15 mm slot depth) ........ccccovveiiiiiiii e 49
Fig 3. 11 Variation of transmitted torque with different slot depth. ......................... 51
Fig 3. 12 Variation of maximum transmitted torque with endring length. (11 mm

] [0 00 =10 11 ) IS URTTOPSRP 52
Fig 3. 13 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (11 mm slot depth) ........ccooveiiiiccec e 52
Fig 3. 14 Variation of maximum transmitted torque with endring length. (15 mm

] [0 00 =10 11 ) PSS USTTOPSRO 53
Fig 3. 15 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (15 mm slot depth) ......cccooiiiiiiiec e 53
Fig 3. 16 PMECCs with pole / slot combination of 22/23 ............ccccooeiiiiiiiiiiein, 54
Fig 3. 17 Variation of maximum transmitted torque with PM thickness. (15.5 mm
SIOE AEPLN) e 55

Fig 3. 18 Variation of maximum transmitted torque with relative speed.................. 56

Vi



Fig 3. 19 Variation of maximum torque transmitted with endring length. (12mm

] [0 0 =10 11 ) S USURTPSSRS 56
Fig 3. 20 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (12mm slot depth) .........cccooveiiiei 57
Fig 3. 21 Variation of maximum torque transmitted with endring length. (15.5mm

] [0 0 =1 011 ) USROS 57

Fig 3. 22 Variation of relative speed corresponding to maximum transmitted torque

with endring length. (15.5mm slot depth) .........ccooeiieiiiieie e 58
Fig 3. 23 Variation of transmitted torque with relative speed............ccccecvivevvenenne. 59
Fig 3. 24 PMECCs with a conductive Sheet rotor ..........cccccveveiveveiicieece e 60
Fig 3. 25 Geometric parameters 0f the PMECCS.........ccccccoviveiievecie e 61

Fig 3. 26 Variation of maximum transmitted torque with PM thickness. (2 mm
conductive Sheet thICKNESS) ........cviiiiiecc e 63
Fig 3. 27 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet. (7 mm PM thickness) ...................... 63
Fig 3. 28 Variation of maximum torque transmitted with different copper

conductive Sheet thICKNESS. ..o 64
Fig 3. 29 Variation of maximum transmitted torque with different Aluminium
conductive Sheet thICKNESS. ..o 65

Fig 3. 30 Variation of relative speed corresponding to the maximum transmitted

torque with the thickness of conductive sheet. (7 mm PM thickness) ...........c.......... 65
Fig 3. 31 Cross-sectional view of double-sided PMECC..........c.cccccvieivieiiecieeinnen, 66
Fig 3. 32 Geometrical parameters of the PMECCS..........ccccoveviiiieiieiic e 67
Fig 3. 33 Double sided PMECCs with pole / slot combination of 14/17.................. 68

Fig 3. 34 Variation of transmitted torque with relative speed. (9.2 mm slot depth) .69

vii



Fig 3. 35 Variation of transmitted torque with relative speed. (13.4 mm slot depth)69
Fig 3. 36 Variation of transmitted torque with relative speed. (9.2 mm slot depth) .70
Fig 3. 37 Variation of transmitted torque with relative speed. (13.4 mm slot depth)70
Fig 3. 38 Double sided PMECCs with pole / slot combination of 22-23.................. 71
Fig 3. 39 Variation of transmitted torque with relative speed. (9 mm slot depth)....72
Fig 3. 40 Variation of transmitted torque with relative speed. (13.1 mm slot depth)72
Fig 3. 41 Variation of transmitted torque with relative speed. (9 mm slot depth)....73
Fig 3. 42 Variation of transmitted torque with relative speed. (13.1 mm slot depth)73
Fig 3. 43 PMECCs with conductive Sheet rotor...........cccccevevieiieve e 74
Fig 3. 44 Geometric details of the PMECCS.........cccccoceiievi i 75
Fig 3. 45 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive Sheet. ..., 76
Fig 3. 46 Variation of maximum transmitted torque with different copper

conductive Sheet thICKNESS. ..o 77
Fig 3. 47 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet...........cccccveoeieiicic i, 78

Fig 3. 48 Variation of maximum transmitted torque with different Aluminium

cONAUCtiVe SHEEt tNICKNESS. ......oeiieieie e 78
Fig 4. 1 Schematic of an axial single sided squirrel cage PMECC..............c.ccvene.ee. 83
Fig 4. 2 Variation of maximum transmitted torque with thickness of PM................ 84

Fig 4. 3 Variation of transmitted torque with relative speed. (14.6 mm bar axial

viii



Fig 4. 5 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial [ENGth). .......cooiiee 86
Fig 4. 6 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length) ...........ccccceviviiiiieiicenee, 86
Fig 4. 7 Variation of maximum transmitted torque with endring radial thickness.

(22 mm bar axial [ENGth) ......coviiie e 87
Fig 4. 8 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)...........c.cccoveviiiiiiciicee, 87
Fig 4. 9 Variation of transmitted torque with relative speed for different bar axial
length. (6mm endring radial thiCKNess) ..........cccocveiiiiiiiieie e 89
Fig 4. 10 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial [ENGth) ........cooiiieeec 89
Fig 4. 11 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length) ...........cccooeiviviiiiicee, 90
Fig 4. 12 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial 1ENGth) ......ccooiiic e 90
Fig 4. 13 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)...........c.cccooveiiiiiiiciicee, 91
Fig 4. 14 Axial single sided PMECCs with a conductive ring rotor...............c......... 92
Fig 4. 15 Variation of maximum transmitted torque with thickness of PM. (4 mm
conductive Sheet thICKNESS) ........c.coiiiiii i 93
Fig 4. 16 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet............cccooiviiiici e, 94
Fig 4. 17 Variation of maximum torque transmitted with different copper

CONAUCTIVE SNEET TNICKNESS. .ttt e ee et e e e e e eeneeeeeeeneneneeees 94



Fig 4. 18 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive Sheet...........cccocveveiieii i, 95

Fig 4. 19 Variation of maximum transmitted torque with different aluminium

CONAUCEIVE SNEEE tNICKNESS. .....viviiiiieie e 95
Fig 4. 20 Axial double-sided PMECCs with squirrel cage. ........ccccooevveveiveeivennenne. 96
Fig 4. 21 Variation of maximum transmitted torque with thickness of PM.............. 98

Fig 4. 22 Variation of transmitted torque with relative speed (14.6 mm of bar axial

Fig 4. 24 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial [ENGth) ........cooiiieeec 99
Fig 4. 25 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length) ............cccocoveiiiiiiennn, 100
Fig 4. 26 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial [ENGth) .......coveiie e 100
Fig 4. 27 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length) ...........cccccooveiiiiiiiiiiinnn, 101
Fig 4. 28 Variation of transmitted torque with relative speed with aluminium
material (14.6 mm of bar axial 1ength)...........ccooiiiiiiii 102
Fig 4. 29 Variation of transmitted torque with relative speed with aluminium
material (22 mm of bar axial 1ength)..........cccoooiiiiiii e 102
Fig 4. 30 Variation of maximum transmitted torque with endring radial thickness.

(14.6 mm bar axial 1eNgth) .......c.ooiiiiie 103



Fig 4. 31 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length) ...........ccccocviiviiiiiinnn, 103
Fig 4. 32 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial [ENGLh) .......coviice e 104
Fig 4. 33 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length) ...........cccccvovviieiiciiiiennn, 104
Fig 4. 34 Axial double-sided permanent magnet eddy current coupling with a

(o0 To (8T (AL T aTo 0] (o ] G SRS SS 105
Fig 4. 35 Variation of maximum transmitted torque with thickness of PM............ 106
Fig 4. 36 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet. ..., 107
Fig 4. 37 Variation of maximum transmitted torque with different copper

conductive Sheet thICKNESS. ..o 107
Fig 4. 38 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of aluminium conductive sheet. ..........c.cccoovevveiiiiieneen, 108
Fig 4. 39 Variation of maximum transmitted torque with different aluminium
conductive Sheet thICKNESS. .......coooiiiiieie e 108
Fig 4. 40 Variation of transmitted torque with relative speed. (axial single sided) 111

Fig 4. 41 Variation of transmitted torque with relative speed. (axial double

Xi



Fig 5. 2 PMECCs equipped with squirrel cage rotor .........ccccvevevvevesiieseese e 115
Fig 5. 3 SqUIrrel cage (3D VIEW) .....coveieiiiieeie et snes 116

Fig 5. 4 External circuits representing the cage rotor (i) end ring consist of

resistance and inductance (ii) end ring consist of resistance. .........cccccceecvvvvevvernene 117
Fig 5. 5end riNg (3D VIEW) ..c.veciiiie ettt nne s 118
Fig 5. 6 Single sided PMECCSs cage rotor with 17 bars.........c.ccccoevevviiieieeieciennn, 120

Fig 5. 7 Variation of transmitted torque with relative speed. (Copper squirrel

(07 Vo <) ISP 123
Fig 5. 9 Cross section of double sided PMECCS ..........cccovveviiieiieie e 124
Fig 5. 10 Double sided PMECCs equipped with squirrel cage rotor ...................... 125
Fig 5. 11 Double sided PMECC cage rotor with 17 bars..........cccccevvviveiieeie e, 125

Fig 5. 12 Variation of transmitted torque with relative speed. (copper squirrel
(07 1o <) RSSO 127

Fig 5. 13 Variation of transmitted torque with relative speed. (Aluminium squirrel

(0710 <) R SR SRSPS 128
Fig 6. 1 3d exploded view of the SC PMEEC prototype. ........ccccoovevevvieieeieiieennn, 131
Fig 6. 2 Inner rotor of the PMECC Prototype. ......cooveveeieieeieiie e 132
Fig 6. 3 Expanded view for inner rotor of the PMECC prototype. .........ccccccveenneee. 133
Fig 6. 4 Inner Squirrel Cage rotor of the PMECC prototype during assembly.......134
Fig 6. 5 Quter rotor with magnets of the PMECC prototype .........cccccevvevvveiveennnnne, 137
Fig 6. 6 Expanded view of the SC PMECC. .........ccccoiiiiiiiieccc e 138
Fig 6. 7 Test rig 0f the PMECC..........ooiiiiiec et 139
Fig 6. 8 Interlock of the OULEr FOtOr. ........ccoviiiiiiie e 139

xii



Fig 6. 9 Dynamometer CONtrol Panel..........cccooviieiieie i 140
Fig 6. 10 Measured and calculated torque vs relative speed at room temperature..141
Fig 6. 11 Measured and predicted torque vs relative speed at high temperature. ...142
Fig 6. 12 Variation of transmitted torque with relative speeds with copper

MALETTAL ... 143

Fig 6. 13 Variation of maximum transmitted torque with temperature with copper

Fig 6. 16 Variation of maximum transmitted torque with temperature for

AIUMINTUM CAJE. ©.eveeiieiie ittt ettt e e re e e e re e s teeneeaneesreeneeenes 145
Fig 6. 17 Variation of relative speed with temperature for aluminium cage........... 146
Fig 6. 18 Variation of transmitted torque against time at 40 rpm. ...........ccccceevenen. 147
Fig 6. 19 Variation of the estimated temperature of the cage. ..........c..cccevvevviienen, 147

Xiii



List of tables

Table 1. 1 Types of PM arrangements and some of their characteristics.................... 2
Table 2. 1 Characteristics 0f EVS, HEVS .......cccccoiiiiiiicc e 25
Table 2. 2 Parameters of the considered vehicle...........cccocoovveviviiiiciiccccc e, 38
Table 3. 1 Examined designs of PMECCS. .......ccccciiiiiiieiiece e 43

Table 3. 2 Parameters of squirrel cage permanent magnet eddy current couplings..44

Table 3. 3 Parameters of PMECCs with conductive sheet rotor ............cccoeveeuvvee... 62
Table 3. 4 Parameters of double sided squirrel cage PMECCS.........ccccccevvevvenennen. 67
Table 3. 5 Parameters of double sided PMECCs with conductive sheet rotor.......... 76

Table 3. 6 Comparison between all different radial designs’ parameters and

BFFICIENCY . o 80
Table 4. 1 Considered designs 0f PMECCS. ........cccovveiieiiiiiecece e 82
Table 4. 2 Parameters of an axial single sided squirrel cage PMECC:s..................... 83
Table 4. 3 Parameters of conductive ring rotor PMECCS. .........ccccceviiiveieeie e, 92

Table 4. 4 Parameters of an Axial double-Sided Parameters of squirrel cage
PIMIECCS. ..ottt ettt ettt 97
Table 4. 5 Parameters of axial double sided PMECCs with conductive sheet
(0] (0] (TP TP TP UR PP 105

Table 4. 6 comparison between all different axial field designs’ parameters and

BIFICIENCY. o 109
Table 5. 1 Single sided PMECC end ring parameters.........ccccooveveeiieesiesnieesineenne 121
Table 5. 2 Double sided PMECC end ring parameters .........cccccevveiveesvesiieesneennes 126

Xiv



List of abbreviation

BEV Battery electric vehicle
EV Electrical Vehicle
EMECC Electromagnet Eddy Current Coupling
EM Electromagnet
NEDC New European driving cycle
ECE- UDC Urban driving cycle
EUDC Extra urban driving cycle
HEV Battery electric vehicle
ICE Internal Combustion Engine
IM Induction Motor
LSD Limited-slip differential
PHEV Plug-in hybrid electric vehicle
PM Permanent Magnet
PMECC Permanent magnet eddy current couplings
List of symbols
A End ring cross section Area
DS Double sided

XV




emr End ring mean radius
eh End ring height = slot depth
eth End ring thickness
Gf Goodness factor
Le End ring inductance
l End ring length
Nr Number of bars
Re End ring resistance
SS Single Sided
T PMECCs transmitted torque
Ty Input torque of the PMECCs
T, Output torque of the PMECCs
v, Active volume
n PMECC:s efficiency
AQ Relative speed of the PMECCs
o Corr_esponding relative-speed where
maximum torques occurs
p Material resistivity
Qp Input speed of the PMECCs
Q. Out speed of the PMECCs
5, Torque density

XVi




Contents

AADSTFACT ... bbb i
PUBHCALIONS. ...ttt I
ACKNOWIBAGMENT ...ttt re e r e e e sreebeaneenres ii
LISt OF TIQUIES ..t tee st e et e sreesreeseeaneenreeee s iv
LISt OF TADIES.....eee e Xiv
LiSt OF @DDIEVIALION ... XV
LISt OF SYMDOIS. ... e XV
Chapter 1 Permanent Magnet Eddy Current Couplings (PMECCS).......cccccccevveveiieieecieciennn, 1
1.1 Single sided axial -field PMECCS ........ccccciiiieiiic e 3

1.2 Double-sided axial -field PMECCS .........cccooiiiiiiieiieseceeese e 7

1.3 Single sided radial—field PMECCS ..........cooiiiiiiieie e 8

1.4 Double sided radial-field PMECCS .........cooiiiiiiieicriseeeeeee e 12

1.5 PMECCs with torque transmission charaCteristiC..........ccocevvviveriviiniinseee e, 13

1.6 CONCIUSION ..ottt bbbt 17
Chapter 2 Electric vehicle drivetrains and permanent magnet eddy current couplings........... 19
2.1 INEFOTUCTION ..ot 19

2.2 History of EIeCtric VENICIES ........cccooiiiiiiiie e 19

2.3 Typical Electric and Hybrid VVehicle Drivetrains............cccocooereniiininininieen. 23

2.4 DIFFErentialS ........ocoviiiiii e 25

XVii



241  Mechanical DifferentialS..........oooe oot 26

2.4.1.1 Open Differential ...........ccooveiie i 26
2.4.1.2  Limited SHip DIifferentialS..........ccocoooiiiiiiiiiiiecee e 27
2.4.2  Electrical DIfferential...........ccocoiiiiiiiiiii e 28
2.4.2.1  Electronic Differential............ccoooiiiiiiiiiiiieee e 28
2.4.2.2  The Differential Induction Maching...........c.ccoevvriieiiinnci e, 29
2.5 Driving Cycle and PMECCS EffiCIENCY ......ccecviiieiiiie e, 30
2.5.1 PMECCS EffICIBNCY ....cviiiiiii ettt 30
2.5.2 Drivetrain configurations employing PMECC ... 31
2.5.3  Alternative Drive-train ConfigUrationsS............ccocerireeiieienieiesie e 38
2.6 Motivation and research ODJECHIVE.........cccveviiiiiieie e 40

Chapter 3 An Investigation and design of different structures of radial fields permanent

magnet eddy CUITeNt COUPIINGS ......voivreieiie it sre e 41
3.1 INEFOTUCTION .ottt 41
3.2Single sided permanent magnet eddy current  couplingsS.........ccoooeiiiiiininiinienen. 43
3.2.1  PMECCs with Squirrel cage rotor type ........ccceeerirerieiiene e 43
3.2.1.1 Squirrel cage PMECCs with 14/17 pole/sSIOts.........ccccevveveiieiiiece e, 45
32111 COoPPEr SQUITTEL CAGE .. .civveeiie ittt 45
32112 ATUMINIUM SQUITTEL CAGE ..vvevveeiee et 50
3.2.1.2  Squirrel cage PMECCs with 22/23 pole/slot combination..............c.ccceeue.e. 53
3.2.1.2.1 CoppPer SQUIMTEI CAJE .......oiviiiiieiieeiee e 54
3.2.1.2.2 AluMINium SQUIITEl CAOE ......coviiiiiieieee e 58



3.2.2 PMECCs with condUCEIVE SNEEE TOTON .....cei e 59

3.2.2.1  Copper CONAUCTIVE SNEEL .......ccveieiieie e 62
3.2.2.2  Aluminium conduCtiVe SNEEL..........ccooiiiiiiiiiieeee e 64
3.3 Double sided permanent magnet eddy current couplingsS.........ccccoeevevvereennnn. 66
3.3.1 PMECCs with Squirrel cage rotor type ........cocoveririeieieie s 66
3.3.1.1  14/17 pole/slot combination...........ccccveiiiiiiiieie e 68
3.3.1.1.1 COpPPEr SQUITTEI CAGE ..evveveeviecie ettt 68
3.3.1.1.2 Aluminium SQUIrrel Cage ......ooovevvveieie e 69
3.3.1.2 PMECCs with Squirrel cage rotor and 22/23 pole/slot.............ccocevvriiiininnnn. 71
3.3.1.2.1 COPPEY SQUITTEI CAGE ....vevetiieitieieeiieieee ettt 71
3.3.1.2.2  Aluminium SQUIITEl CAGE ....c.eevveivieiireieceece e 72
3.3.2  PMECCs With CONAUCLIVE SNEEL..........ooiiiiiiiiiiieirieseese e 74
3.3.2.1  CopPer SQUIITEL CAQE......ecivierieeieeie ettt 76
3.3.2.2  Aluminium conduCtiVe SNEEL..........ccoiiiiiiiiiircee e 77
34 CONCIUSIONS ...ttt bbbttt 79

Chapter 4 An Investigation and design of different structures of axial field permanent

magnet eddy CUrTeNt COUPTINGS. ....cueiiiiiiiiiie e 81
A1 INEFOTUCTION ...t 81
4.2 Single sided permanent magnet eddy current couplings ..........ccccvevveiiieiiecinnnnn, 82
4.2.1 PMECCs with Squirrel cage rotor tyPe. ......ccccveieeiieeiie e 82
4211  COPPer SQUITTEL CAE. ....oiviviriiiieeiieieee e 84
4212  AUMINUM SQUITTEL CAJE .....oviviiiiciieeee e 88



422 PMECCs with conduCtive ShEET TOTOT ... ....eveeeeieeee e 91

4.2.2.1  Copper condUCHIVE SNEEL ........ccuveiiciiceee e 93
4.2.2.2  AlumMnium conduCEiVe SNEET..........ceeiiiiiiieie e 94
4.3  Double sided permanent magnet eddy current coupling .........cccocevevienieerieniinnen, 96
4.3.1 PMECCs with Squirrel cage rotor tyPe ........ccooeiererieieieieie e 96
4.3.1.1 COPPEr SQUIMTEI CAGE ..ecveeveeie et 97
4.3.1.2  AlUMINIUM SQUITTEL CAJE.....ccveiveciiecie et 101
432  PMECCs With cONdUCLIVE SNEEL...........coveiiiiiieirec e 104
4.32.1 Copper CONUCTIVE SNEBL........cciiiiiiieieee s 106
4.3.2.2  Aluminium conduCtiVe SNEET .........coiiiiiiiirer e 107
4.4 DISCUSSION....ctitiieitiiteit ettt bbbt b et b ettt n e e 109
441 CONCIUSION ...ttt 113
Chapter 5 Squirrel cage end ring’s influence on PMECCsS...........cccooiiiiiiiiiiiiiiicins 114
5.1 INETOTUCTION ..ottt bbbt 114
5.2  Single sided PMECCs with Squirrel cage rotor ...........cccoceveieneniiininieieee, 114
5.2.1  Squirrel cage rotor With 17 Dars.........cccoceveiiiinininieeee e, 119
5.3  Double sided PMECCs with Squirrel cage rotor...........cccceevvevieiieesiieeiee v 124
5.3.1 Squirrel cage rotor With 17 Dars..........cccoovieiiiiiii i 124
ST S TV 1 010 - o V2P SUPR 128
Chapter 6 Experimental ValIdation ............ccocviiiiiiiii i 130
6.1 INEFOTUCTION ...ttt bbbt 130

XX



6.2  Prototype Squirrel Cage PMECC .........cccooiiiieieciese e 130

6.2.1  Inner SQUIrTel Cage OO .......cc.eiveieeie e 131
6.2.2  OULEr PM TOUOF ...t 135
6.2.3  Experimental results and validations ............c.ccoeviriiieienc i, 138
6.3 SUMMAIY ...ttt ettt sttt e b e e st e e nbe e et e e nbeeenbeesnneenes 148
Chapter 7 Conclusion and fUtUIe WOTK ...........c.coveiiiieiecie e 149
RETEIEINCES ...ttt 152

XXI



Chapter 1

Permanent Magnet Eddy Current
Couplings (PMECCs)

Permanent Magnet Eddy Current Couplings (PMECCs) are electromagnetic devices
which transmit torque through the interactions between permanent magnets and eddy
currents induced by the difference of speed between the drive and driven rotors.[1]
[2]. PMECCs are considered as an enhancement of permanent magnetic coupling,
since, for synchronous permanent magnet couplings, both rotors are equipped with
permanent magnets, on the other hand in PMECCs only one rotor is fitted with
permanent magnets and the other is made of conductive materials [1]. Furthermore,
PEMCCs exhibit a significantly gentler torque limiting action, since they don’t
generate the inherently large torque ripple associated with PM synchronous
couplings. PMECCs have become commercially available since 1999 [3] and have
been used in many industrial applications for example brake, power transmission,
and damping systems [4]. The benefit of such device is to provide coupling between
two rotors without any mechanical connection which leads to vibration isolation, low
maintenance and overload protection [5][6]. The operation of PMECCs is
straightforward, and it is based on the relative-speed (difference speed) between two
rotors. When two rotors, one containing a set of permanent magnets interacts with
another rotor carrying conductors, the relative motion between the two rotors induces

eddy currents in the conductive material which interacts with the main field provided



by PMs in the other rotor to produce torque [7]. Furthermore, the eddy current
couplings field source can be provided by an electromagnet (EM) or permanent
magnets (PMs). The advantage of Electromagnet Eddy Current Coupling (EMECCSs)
is that the coupling can be controlled, albeit a lower magnetic flux density may be
produced in the air gap, and losses occur in the excitation windings. On the other
hand, the permanent magnet configuration does not allow control but provides a high
air-gap magnetic field [8][9]. There are several types of structures of PMECC:s, this
includes, single- or double-sided permanent magnet excited radial-flux topologies,
or single or double-sided permanent magnet excited axial-flux topologies. In
addition, the permanent magnets can be arranged in different ways such as internal
permanent magnets, surface mounted or inset permanent magnets. Table 1.1 shows

some types of PM arrangements and some of their characteristics [10][11][12].

Table 1. 1 Types of PM arrangements and some of their characteristics

Surface-Mounted PM Interior PM Surface-Inset PM

e Little mechanical e Mechanically robust e Mechanically
robustness e High cost and complex robust

e Simple, low-cost manufacturing e low-cost
manufacturing e Ideal for high-speed manufacturing

e Ideal for low-speed application e High air gap flux
application e PMs are protected inside. density

e High air gap flux
density

Over the vyears, several PMECCs topologies have been proposed and their
performance analysed. However, a conductor sheet has almost exclusively been used
for all the proposed topologies, including radial- and axial-field variants. Using a
conductor sheet is certainly more practical and facilitates the manufacture of

PMECC, but as will be shown in this thesis, they lead to less efficient PMECCs.




Furthermore, according to [7] the input and output torques PMECCs is equal
therefore, the efficiency of PMECCs is only affected by the input speed and the
relative speed, of the coupling and either the higher input speed or smaller relative
speed the higher the efficiency. Moreover, even those which attempted to use a
squirrel cage, seem to have been more focused on the development and validation of
the modelling techniques instead of focusing on the design and optimisation of such

coupling to achieve higher efficiencies.

1.1 Single sided axial -field PMECCs

The axial field PMECC arrangement shown in Figure 1.1 consists of a 6 pole-pair
PM rotor, whilst the other rotor, consists of a copper disk is placed on an back-iron
[13]. Figure 1.2 shows the published torque and slip-speed characteristic of the
PMECCs, where it can be seen that the slip-speed corresponding to the maximum
transmitted torque is around 1000rpm, making the PMECC not suitable for power
transmission due to its very low efficiency.

Permanent

Aluminium magnet
spider

Back

iron Copper

Fig 1. 1 Single sided PM axial rotating flux PMECCs [13]
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Fig 1. 2 Comparison between numerical and experimental results (2 mm air gap)
[13]

Figure 1.3 illustrates an expanded view of a spoke-type PMECCs, which is equipped
with copper sheet as on the one rotor [14]. For this coupling, the authors interest was
only introducing a new axial PMECCs with an interior permanent magnets rather
than optimizing the coupling parameters and improve efficiency. Moreover, Figure
1.4 shows the torque slip-speed characteristic, similarly to the previous PMECC, the
slip-speed corresponding to the maximum transmitted torque is not yet reached at

1000rpm.



Fig 1. 3 Single Sided PM Axial Rotating Flux PMEC [14]
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Fig 1. 4 Developed torque versus relative speed [14]

Furthermore, Figure 1.5 shows a single sided axial- flux PMECCs with slotted
conductive rotor, which can be considered an axial version of a squirrel cage. In this
paper the focus was proposing an analytical method for modelling the magnetic field
of PMECCs rather than enhancing the coupling main factors to improve efficiency.
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It consists of 6 pole pairs of permanent magnet rotor and conductive rotor with a 24
slots on the other side, and Figure 1.6 shows the torque and speed characteristic of
this PMECCs [15]. Again, the slip-speed corresponding the maximum transmitted
torque is still too high, ~1200rpm, to make the PMECC suitable for high efficiency

power transmission.

i Back-iron Slotted :ipermanent Aluminum Back-iron
plate with conductor : magnet holder plate
i protrusions._disk_ i}

Conductor rotor Permanent magnet rotor

Fig 1. 5 Schematic of slotted eddy current couplings [15]
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Fig 1. 6 Fig 1.7 Comparison of torque waveforms predicted analytically and by the
nonlinear FEM for a slotted eddy current coupling with 24 slots and 12 poles [15]

1.2 Double-sided axial -field PMECCs

An axial double sided PMECC is shown in Figure 1.7. It consists of rotor with a
solid conductor sheet, interacting with double-sided 8 pole PM rotor [9].
Furthermore, in this paper the focus was on the implementation of analytical and
numerical solution and validating the results. Furthermore, a parametric analysis has
been completed and each parameters was studied. However, without concentrating
on PMECCs efficiency improvement. Figure 1.8 shows the torque slip-speed
characteristic of the PMECC, where it can be seen that, although being better that
the previously discussed PMECCs, in terms of efficiency, the slip-speed
corresponding to the maximum transmitted torque is still relatively high, being

around 500rpm.
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Fig 1. 7 Double sided axial-field PMECC [9]
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Fig 1. 8 Torque- speed characteristics [9]

1.3 Single sided radial-field PMECCs

Figure 1.9 shows a radial-field PEMCC, equipped with spoke-type PMs on one rotor,

while the other rotor is equipped with a conductive sheet with a steel back-iron [11].



Figure 1.10 shows the torque slip-speed characteristic of this PMECCs. For this
coupling. The authors aim was mainly to present an analysis and study on a new
interior permanent-magnet radial-flux eddy. Although a sensitivity examination has
been done, nevertheless, the coupling has not been optimized to improve its
efficiency. Furthermore, similarly to the previous couplings, the maximum
transmitted torque happens at larger slip-speed which makes it not useful for power

transmission.

Shaft Conductive
sheet

Magnetization
vectors of PMs

Fig 1. 9 Single sided PM radial-field PMECC with sheet conductive rotor [11]
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Fig 1. 10 Torque- characteristics of the case study coupler [11]

Furthermore, Figure 1.11 shows a single sided radial- flux PMECC with a squirrel
cage rotor. It consists of 4 pole pairs of spoke-type PMs rotor and conductive rotor
with an 18 slots squirrel cage. It can be seen that PM rotor is the inner rotor, creating
significant mechanical retainment issues for high speed applications, whilst the
squirrel cage is located on the outer rotor. Figure 1.12 shows the torque slip-speed
characteristic of this PMECCs [16], again the slip-speed corresponding to the

maximum transmitted torque is still too high for efficient power transmission.
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Fig 1. 11 Single sided PM radial rotating flux PMECCs with slotted conductive
rotor [16]
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Fig 1. 12 Transmitted torque versus slip speed [16]
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1.4 Double sided radial-field PMECCs

Figure 1.13 shows a double sided radial field PMECC with a sheet conductive rotor.
It consists of a double sided PM rotor and a conductive sheet rotor in between to
create the other side of the PMECC [17]. Similarly, Figure 1.14 shows the torque
slip-speed characteristic of the PMECC, where it can be seen that the slip-speed

corresponding to the maximum transmitted torque is still larger than 400rpm.

Fig 1. 13 Double- sided permanent- magnet rotational coupler [17]
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Fig 1. 14 Double sided permanent magnets torque- speed characteristics [17]

1.5 PMECCs with torque transmission characteristic

Figure 1.15 shows a radial-field PMECC with a mechanical flux adjuster (MFA). It
consists of a 6 pole-pair spoke type tangentially magnetized permanent magnet rotor,
and in the opposite side a copper sheet is placed on steel core to shape a conductive
rotor. Furthermore, as can be seen from Figure 1.16 an outer core is mechanically
axially moved to adjust the magnetic field of the PM seen by the copper sheet. Hence
PM fluxes can be split to two portions, as a main flux and adjustable flux. When the
core is fully engaged, this corresponds to the minimum flux seen by the copper sheet,
and when is completely withdrawn, this corresponds to the maximum flux seen by
the copper sheet. Although, this would work in theory, there was no discussion in the
paper about the forces required to move the core in and out of engagement and over
the magnetic forces it would be subjected to [18]. Finally, Figure 1.17 shows the

torque slip-speed characteristic of this PMECCs with different variable distances

13



[18]. Again, the slip-speed corresponding to the maximum transmitted torque is still
higher than 400rpm.

Adjustable flux path

~ Outer air-gap
- MFA

PMR core

Main flux path Inner air-gap

(a) Cross section (b) Part model of 3D view

Fig 1. 15 PMECC with a mechanical flux adjuster [18]

IR g
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Fig 1. 16 MFA with different moving distances [18]
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Fig 1. 17 Torque-slip speed characteristics [18]

Similarly, Figure 1.18 shows an axial PMECC with a movable stator ring (MSR),
which can be moved in the axial direction. As a result, PM main flux in the PM core
can be increased or reduced depending on the moving distance. Hence, the air gap
magnetic field and the load speed can be controlled. Figure 1.19 explains the
function of movable stator ring with different positions. Again, the ring will be
subjected to significant forces, which haven’t been discussed by the authors, which
in turn limits the practicality of the proposed topology. Furthermore, Figure 1.20
shows the torque slip-speed characteristics of the PMECC [19], where it can be seen
that similarly to the previously discussed PEMCCs, the slip-speed corresponding to

the maximum transmitted torque is still high, being close to 250rpm.
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Fig 1. 18 Exploded view of PMECC with movable stator ring [19]
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16



50 B - T T
-— == - T
E a0 } 2R R T
z LT, T
v 30 F POt e e,
=3 4//
S 2 /""" Shifting distance [, (mm)

0 60 120 180 240 300 360 420
Slip speed (rpm)

Fig 1. 20 Torque- slip speed characteristics [19]

1.6 Conclusion

In this chapter a review of the main proposed PMECC topologies and their torque
slip speed characteristics is undertaken. It can be seen that research into PMECCs
has been relatively limited compared to other electromagnetic devices, and there is
evidence of a lack of understanding of the effects of the various parameters on the
performance of PMECCs. The majority of the reported PMECCs employ conductor
sheets, and none of the reported PMECCs employing squirrel cage have been
experimentally demonstrated. Furthermore, a number of topologies have been
proposed without adequate consideration of practical realisation. For example, for
the radial-field topology employing a squirrel cage, shown in figure 1.11, the PM
rotor is the inner rotor, creating significant mechanical retainment issues for high
speed applications, whilst the squirrel cage is located on the outer rotor. Furthermore,
for the proposed topologies with field adjustment, there has been no consideration of

the actuation systems and forces required to overcome the magnetic forces.
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Therefore, in this thesis an in-depth comparison of the different PMECCs topologies
is undertaken, with the view of maximising efficiency and torque transmission
density. Furthermore, only the topologies, which can practically be realised and
exhibit good mechanical integrity during operation are considered. Consequently, a
decision was made to manufacture and test a single-sided radial-field topology
employing a squirrel cage rotor, and an external PM rotor is adopted. Thereby,
avoiding PM retainment issues, whilst the squirrel cage parameters can easily be
varied in order to maximise efficiency without affecting the volumetric torque

transmission density.
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Chapter 2

Electric vehicle drivetrains and permanent

magnet eddy current couplings

2.1 Introduction

In this chapter, the use of PMECCs as limited-slip differentials for electric vehicles
is discussed. This enables the realisation of 4-wheel drive drivetrain topologies
without the need for distribution propulsion architectures, which may result in
improved performance at the expense of increased cost and complexity. Therefore,
the effects of PMECC torque slip-speed characteristic on the energy efficiency of the

electric vehicle drivetrain are investigated.

2.2 History of Electric Vehicles

The invention and efforts of developing an electric vehicle is not quite a new story.
As a matter of fact, it has an interesting long history starting back more than 100
years. Around the 1800s France and England developed first electric car, then
Americans have followed and started to show interest in electric vehicles [20].
However, the introduction of the internal combustion engine, has limited the use of
electric vehicle to very niche applications, such as milk floats in the UK. However,
by the late 1980s/early 1990s, climate change concerns and the predicted depletion

of fossil fuels, have renewed interest in electric vehicles. The first functional electric
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vehicle was built during the development of electrical systems in Great Britain in the
1870s by Robert Davidson which was powered by non-rechargeable iron/zinc
batteries. An advanced electric vehicle was built in 1884 by Thomas Parker which

has used rechargeable batteries. Figure 2.1 shows electric vehicle built by Thomas

Parker [21].

Fig 2.1 Electric vehicle by Thomas Parker 1884 [21]

In France, Gustave Trouve has built an electrical tricycle powered by a Faure’s lead
acid battery and Louis Antoine Krieger of Paris manufactured electrically-powered
conversion units for horse-drawn carriages and first to introduce a regenerative

braking system. Figure 2.2 shows a France made Krieger electric landaulet. [21]
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Fig 2.2 France made Krieger electric landaulet, Washington D.C. in 1906 [21]

In the 1891 the first effective electric vehicle in the United States was built by
William Morrison of Des Moines, lowa [22]. Morrison’s vehicle was equipped with
a 4-horsepower motor and 24-cell battery. Figure 2.3 shows William Morrison’s
electric vehicle. Furthermore, early in the twentieth century Thomas Edison has
developed alkaline nickel-iron battery which was better than lead acid batteries,
having higher power and energy densities which improved the range of electric

vehicles. Figure 2.4 shows Thomas Edison with an electric vehicle in 1913 [21].
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Fig 2.4 Thomas Edison with an electric car in 1913 [21]

From the 1960s onwards to the 21% century efforts continued to develop a viable
electric vehicle for individual’s transportation. In the 1990s, in the USA several
manufacturers such as Chrysler, Ford, and General motors were enthusiastically

involved in developing electric vehicles, when legislations and regulatory
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requirements like Clean Air Act Amendment and Energy Policy were issued by the
California Air resources Board to support improvements of electric vehicles and
demanding the reduction in the use of internal combustion engines (ICE) [20]. Figure

2.5 shows electric pickup developed by Ford.

Fig 2.5 Ford Ranger electric pickup [20]

Additionally, with the new development of electric and hybrid vehicle technology,
in 1997 Toyota reveals the Prius and followed by Honda releasing the Insight hybrid
in the 1999. The electric vehicle technology continues to improve and develop and
today’s electric and hybrid vehicles are very advanced and with much improved

range and performance.

2.3 Typical Electric and Hybrid Vehicle Drivetrains

Transportation plays a key role in keeping the world moving. Nowadays, the large
proportion of vehicles around the world are still using the Internal Combustion
Engine (ICE). ICE vehicles normally have longer range and easy to refuel, however,

due to their high emissions, and the prediction depletion of fossil fuels, are driving
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the development of alternative propulsion technologies. Resulting, in the
development of electric traction systems with better efficiency and lower emissions.
Electric traction can be implemented in different ways, Battery Electric Vehicle
(BEV), Hybrid Electric Vehicle (HEV). Due to their noise reduction, pollution and
less dependence on fossil fuels for transportation they are anticipated to substitute
the Internal Combustion Engine (ICE) vehicles in the future [23][24]. Figure 2.6
shows different drivetrain configurations adopted for modern vehicles and the trend
towards full electrification [25], and Table 2.1 reviews the key characteristics of EVs

and HEVs [23].

Battery Electric Vehicle Hybrid-Electric Vehicle Conventional Vehicle
(BEV) (HEV)

—0 ——0 0—F

[ Battery | Battery | |Fuel
| I

Motor/ Motor/
Generator IGenerator,
E 3 'Y

v - - h A
[Fh Transmission l—ﬂ [}»Tmnsmission ﬂ D»Tmnsmission ﬂ

Engine

Increasing Electrification

Fig 2.6 An automobile electrification level [25]
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Table 2. 1 Characteristics of EVs, HEVs [23]

Vehicle type Battery Electric Vehicle Hybrid Electric Vehicle
Propulsion = Electric motor drives = Electric motor drives
= |CE
Energy storage = Battery = Battery
subsystem = Supercapacitor = Supercapacitor
= Fossil or alternative
fuels
Energy source = Electrical grid = Gasoline stations
infrastructure charging facilities = Electrical grid charging
facilities (for PHEV)
Features = Zero emissions = Low local emissions
= High energy efficiency = High fuel economy
= |Independent of fossil = Long driving range
fuel = Dependence on fossil
= Relatively short range fuels
= High initial cost = Higher cost than ICE
= Commercially vehicles
available = Commercially available
Main issues = Battery sizing and = Battery sizing and
management management
= Charging facilities = Control, and
= Cost management of multiple
= Battery Lifetime energy sources

2.4 Differentials

In vehicles, and in 2-wheel drive configurations, a differential is fitted in order to
enable power transmission to both wheels, while they can rotate at different speeds,
when the vehicle is cornering, for example. In 4-wheel drive configurations, a
differential may be added between the axles of the vehicles, again in order to enable
power/torque transmission to both axles, while allowing them to rotate at different
speeds [26]. In electric vehicles a differential function can be achieved electronically
when the vehicle wheels are driven by separate traction machines which can be
separately controlled so that the proper torque is provided to each wheel while
rotating at different speeds [27][28]. Additionally, employing an induction machine
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fitted with two individual squirrel cage rotors supplied from a single stator can also

exhibit a differential function [29][30].

2.4.1 Mechanical Differentials

2.4.1.1 Open Differential

Open differential in Figure 2.7 is the most used differential and is found in most cars
[31]. It is simple, inexpensive, and efficient. However, it has a problem when one-
wheel loses traction, on a slippery surface, for example, it will absorb most of the
power coming from the engine via the differential. While other wheel, which may
have traction, on the opposite side of axle will remain inactive. Hence, the vehicle
will not move, and as a result of this issue, a limited-slip differential (LSD) was

introduced [26][7] on some high end vehicles.

Input from transmission and drive shaft

Ring Gear and Carrier

Planetary Gear

Fig 2.7 Open differential [31]
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2.4.1.2 Limited Slip Differentials

Figure 2.8 shows an example of a limited-slip differential [32], which operates
differently from an open differential and limits the maximum speed difference
between the two wheels of the vehicle. When (LSD) senses a loss of traction on a
wheel it automatically sends more power to the wheel with more grip. Nevertheless,
it will not transfer all power to the wheel with good traction [26][33]. Limited slip

differential is very popular in high-performance and 4-wheel drive vehicles [31].

Fig 2.8 Limited slip differential [32]

Another type of LSD has been used in 4WD vehicles is the viscous coupling, which
similar to the PMECC transmits torques through slip speed between the input and
output shafts. It consists of a device filled with silicone fluid, and set of plates with
holes and grooves, half connected to the output shaft and the other half connected to
input shaft. The shear forces applied to the silicone fluid cause by difference in speed
between the drive and driven shaft, increases its viscosity and transmits torque from

the drive to the driven shaft [34]. Figure 2.9 , shows viscous coupling
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Viscous

Disc connected
to input shaft

Output shaft

connected to
output shaft

Fig 2. 9 Schematic of a viscous coupling [35].

Many vehicle manufacturers have used the viscous couplings as centre differentials
to achieve 4WD capability. However, this is not permanent since in normal driving
conditions, the vehicle is essentially a 2WD, and torque is transferred to the other
axle when the main axle loses traction for any reason. Especially under aggressive
driving, the life of the viscous coupling can be limited due the deterioration of the

properties of the silicon fluid.

2.4.2 Electrical Differential

2.4.2.1 Electronic Differential

Electronic differential was introduced in [27], where electric vehicle can be driven
by separate electrical machines. Electrical machines can be controlled, so each wheel
receives the required speed/ torque hence, achieving the operation of mechanical

differential electronically [27][28]. Figure 2.10 shows electric vehicle with
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separately controlled motor for each wheel [36]. However, due to costs of the
components and the reduced reliability related to multi-drive structures an induction
traction machines equipped with two independent squirrel cage rotors supplied from
a single stator was proposed [7]. However, the uncertainty of unbalanced transient
torques which can be caused by the machine or power electronics faults remains a

major disadvantage of multi-drive configurations [7].

Left front wheel

Left rear wheel

Left front  Left front Left rear Leftrear

——
Leftfront Gear inverter speed controller sgeg_dlcnmmller inverter Rear Gear \
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induction motor al 4_“. .—" .
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Electronic
wheel

Battery
Differential Buck Boost
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inverter speed controller speed controller Inverter
Right front wheel Right rear wheel

Fig 2.10 Electric vehicle with separately controlled motor for each wheel [36]

2.4.2.2 The Differential Induction Machine

The proposal of induction machine having two separate cage rotors which can be
directly connected to the opposite wheels of the vehicle and supplied from a single
stator was introduced in [30]. Figure 2.11 shows a differential induction machine,
where a difference of speed between the wheels can be tolerated, which can meet
electric/ hybrid vehicle differential requirements [29][30]. Furthermore, in [7] the
authors have proposed a brushless permanent magnet machine with integrated

differential, where the torque is transmitted to the wheels/axles through two
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permanent magnet eddy current couplings which exhibit the characteristic of limited

slip mechanical differential. This will be discussed in detail in the next sections.

Stator /Eearings
Rotor 1 Rotor 2 J

e p— —

Shaft 1 Shaft 2

Fig 2. 11 The differential induction machines [30]

2.5 Driving Cycle and PMECCs Efficiency

2.5.1 PMECCs Efficiency

According to [7] integrating an PMECCs with an electrical machine in EV
drivetrains will function as a limited slip differentials and can convey the traction
machine’s torque with efficiencies more than 98%, over a driving cycle. The

PMECC efficiency is given by:

T 0
" Tm Om

(2.1)

Where T, and T, are the input and output torques and Q,, and Q. are the input and

output speeds of the PMECC, respectively. As for an eddy current coupling the input
and output torques are identical, therefore, T, =T, and 2. =0, —AQ where

AQ is the relative speed and equation (1) could be written as [7]:

30



=z ~a. (2.2)
AQ
n=1-4_ (23)

Which confirms that the efficiency of eddy current coupling is only influenced by
the input speed Q,, and the relative speed, AQ, and the higher Q,, and smaller AQ,
the higher the efficiency. Furthermore, the transmitted torque is only a function of
relative-speed and could be, by analogy torque-slip equation of 3 phase of induction
machine, approximated by [7]:

T=2T AQ «a

m (807 +a?) @4

T,y is the maximum torque which can be transmitted, and a is the corresponding

relative-speed. Moreover, to evaluate the torque transmission functionality and
efficiency, a simulation study of radial field PMECCs, and used as LSDs is

undertaken.

2.5.2 Drivetrain configurations employing PMECC

Figure 2.13 shows examples of the considered drive train configuration employing
an electrical machine and PMECCs [7]. In Figure 2.13 (a) in this 4- wheel drive
configuration it can be seen that the electric drive is placed in the middle of the
transmission system and connect the front and rear axles via PMECCs, and acts as a
permanent 4WD drivetrain. During normal driving conditions relative speed between
PM rotor and conductive rotor is very small and optimum torque is transmitted to

both axles. However, when either axle loses traction which will experience less
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resistance the relative speed between the rotors will increase hence, torque will be
transmitted to the other axle by the opposite coupling. Figure 2.13 (b) shows a part
time 4WD system, similar to those employing the viscous coupling in conventional
vehicles. In this case, under normal conditions, the vehicle essentially operates in
2WD mode, through the main axle connected to the traction machine, and torque is

transferred to the other axle, only when traction in the main axle is reduced.

To evaluate the efficiency of the eddy current coupling on electric vehicles
application, a driving cycle is considered. A driving cycle is a speed-time profile
meant to represent a real-world driving pattern to evaluate and compare vehicle
efficiency and emissions. There are numerous types of driving cycles [37][38], and
examples are 1) EU driving cycle 2) The US driving cycle 3) Japanese driving
cycle. The new European driving cycle NEDC is considered and employed. The
NEDC consists of two cycles including, ECE which is an urban driving cycle
also known as UDC (Urban Driving Cycle) and EUDC extra urban driving
cycle. The NEDC comprises of four repeated ECE cycles without disruption and
followed by one EUDC. The ECE cycle is created to represent a city driving
conditions with maximum speed of 50 km/h. The EUDC cycle is to be implemented
right after the fourth ECE cycle to represent more aggressive driving styles like on
highways with maximum speed of 120 km/h [39]. Figure 2.12 shows the New

European driving cycle and its characteristics are [37]:

Distance travelled: 11017 m

Duration: 1180 s

Average speed: 33.6 km/h
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Fig 2.12 New European Driving Cycle

A vehicle model example including axle and tyres, provided by MathWorks [40] is
equipped with the drivetrains shown in Fig. 2.13. The vehicle parameters are
summarised in Table 2.2. When operating using the drivetrain shown in Figure 2.13
(@), with each PMECC selected with a maximum transmitted torque half of the peak
of the traction machines, the energy lost in the PMECCs due to the slip speed, is 2%
of the total energy transferred through the drivetrain, when the slip speed of the
PMECCs corresponding to the maximum transmitted torque is 100rpm, however, the
energy lost drops to 1% when this is reduced to 50 rpm. On the other hand, when
employing the drivetrain in Figure 2.13 (b), loss of energy on the PMECC becomes
negligible when following the NEDC driving cycle, since under such moderate
driving conditions, torque/power are mainly transmitted to the main axle, directly

connected to the traction machine.

33



(@) Permanent 4WD configuration

ap

‘ Electrical Machine Coupling
| <

W

!‘w Open Differentials
Lot

(b) Part-time 4WD configuration

Fig 2.13 Electrical machine with integrated differential. (4 -wheel
drive)

An existing Matlab/Simulink model of a full vehicle, including tyre models has been
modified by adding an electric drivetrain, using PMECCs as differentials to achieve
permanent and part-time 4WD operations. The model has been developed in order
to assess the performance of the drivetrain, in terms of efficiency of the PMECCs

and the driving capability under dynamic wheel slip conditions.
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Permanent 4WD

Figure 2.14 shows the variation of the vehicle speed from 0 to 60 MPH, during
normal driving conditions and when the axle loses traction during initial acceleration.
It can be seen that the loss of traction and the slip of the front axle didn’t have a
significant effect on the performance of the vehicle. Figure 2.15, shows the torques
on the front and rear axles, it can be seen that with the exception of the early
acceleration phase between 0 to 2s, when the front axle loses traction, and the more
torque is diverted to the rear axle, under normal conditions the torque split between

the axles is essentially the same.
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Fig 2. 14 Variation of vehicles speed with time
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Fig 2. 15 Variation of axle torque with time

Part time 4WD

Similarly, Figure 2.16 shows the variation of the vehicle speed from 0 to 60 MPH,
during normal driving conditions and when the axle loses traction during initial
acceleration, when equipped with a part time 4WD drivetrain. It can be seen that
similarly to the full-time 4WD, the loss of traction and the slip of the front axle didn’t
have a significant effect on the performance of the vehicle. Figure 2.17, shows the
torques on the front and rear axles, it can be seen that with the exception of the early
acceleration phase between 0 to 2s, when the front axle loses traction, the rear axle
contributes more to the propulsion of the vehicle, when traction of the main front

axle is reduced.
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Fig 2. 17 Variation of axle torque with time
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Table 2. 2 Parameters of the considered vehicle

Parameter / unit Symbol Value

Radius of wheels / m Ty 0.4062
Vehicle mass / (kg) m 1200
Gravitational acceleration (m/s?) 9.807
Rolling resistance coefficient k, 0.015
Product of drag coefficient and front area (m?) cg A 1.2
Air density (kg/m3) p 1.250
Efficiency of differential Naif 0.980
Differential Gear Ratio G, 4:1

2.5.3  Alternative Drive-train Configurations

There are a number of possible drivetrain configurations for Electric vehicle where
PMECCs can be employed as limited slip-differential. Figure 2.18 shows two-wheel
drive configuration and electrical machine and PMECCs installed on axle and it can
be front or rear wheel drive. Furthermore, Figure 2.19 shows a part-time 4WD
configuration, however the eddy current coupling main field source is provided by

electromagnet rather than permanent magnets.
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Fig 2. 18 Two-wheel drive integrated electrical machine
and limited-slip differential mounted on an axle.

Electrically
Electrical Machine controlled Coupling

Fig 2.19 Part-time 4WD configuration, with electrically controlled EMECC
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2.6 Motivation and research objective

This chapter explored the possibility of using PMECC as LSDs in electric vehicle
drivetrains. For the particular vehicle, employed in the example, it was shown that
energy efficiencies in excess of 99% can be achieved as long as the slip speed
corresponding to the maximum PMECC transmitted torque is kept below 100rpm.
LSDs on electric vehicles is only an example application of these high efficiency
PMECCs, however, their applications can be extended to typical power transmission
applications, especially those characterised by high speed. Indeed, the PMECC
efficiency is very high for high speed applications, as it can be seen in Figure 2.20
when the input speed of the coupling is high and the slip speed is low a high
efficiency is maintained. For instance, at the input speed of 10 krpm when the slip
speed is 180 rpm the efficiency is 98.2%, however, when the slip speed is reduced
to 20 rpm the efficiency increases to 99.8% which explains that the permanent
magnet eddy current couplings efficiency is affected only by the input speed or the
slip speed between the rotors and either the higher input speed or smaller slip speed
the higher the efficiency. Furthermore, unlike their synchronous couplings
counterparts, torque limiting from PMECC:s is significantly gentler, since it doesn’t
result in the torque ripple associated with slipping synchronous couplings. In
addition, the latters are essentially a compliant transmission, which can introduce
mechanical resonances which needs to be considered, while the PMECCs would act
as dampers. Moreover, in this thesis an investigation into the design and analysis of
PMECCs for power transmission applications, where high efficiency is necessary, is
undertaken. Different PMECCs topologies will be developed and various parameters
will be studied and analysed to examine their effect on the efficiency and

performance of the PMECC:s.
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Fig 2. 20 PMECC efficiency map with high speeds

Chapter 3

An Investigation and design of different
structures of radial fields permanent

magnet eddy current couplings

3.1 Introduction

In this chapter, different sections are introduced to investigate multiple designs of
radial permanent magnet eddy current couplings (PMECCSs). PMECCs consist of two
rotors, single-sided (SS) and double-sided (DS), topologies equipped with surface
permanent magnets (SPM) forming a permanent magnet rotor and two different types

of conductive rotors, are considered. The first rotor structure has conductors
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embedded in slots creating a squirrel cage rotor, and the second rotor structure is
simply a conductive sheet rotor. Three-dimensional finite elements software
(Maxwell) is used and a transient solution is adopted to simulate, analyse, and
compare the results of different pole/slot combinations, slot depth of the squirrel cage
rotor, and conductive sheet thickness. Table 3.1 shows the different examined design
of PMECCs where the pole/slot combinations has been selected to achieve the lowest
cogging torque. Furthermore, a goodness factor G to assess and compare the
performance of PMECCs for power transmission applications is introduced. The
factor is essentially the volumetric damping factor density, which is derived from the

approximate equation (2.4) for the torque slip-speed characteristic. Therefore:

th
Gr(AQ) = <7 (3.1)
Where,
a AQ
T, = 2 T, M (3.2)
Therefore,
2T, ( ( ZZAQ 2))
ma AQ“+a
Gr(AQ) = B0+ 7 (3.3)
Which at AQ = 0, becomes:
2 6y
Gr(AQ=0) = - (3.4)
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Table 3. 1 Examined designs of PMECCs.

Topology type 3D-Single-sided 3D-Double-sided
Conductive rotor structure Squirrel cage sheet Squirrel cage sheet
Conductive rotor material Cu [Alu | cu | Alu | Cu | Alu Cu | Al
Pole and Pole/Slot Combination 14/17 - 22/23 14 14/17 - 22/23 14

Conductive sheet Thickness (mm) [ 2-12

e

3.2 Single sided permanent magnet eddy current

couplings

3.2.1  PMECCs with Squirrel cage rotor type

This section investigates the performance of single-sided PMECCs with a squirrel

cage rotor. Fig 3.1 shows a general cross-section of permanent magnet eddy current

couplings equipped with a squirrel cage rotor.

Fig 3.2 and Table 3.2 show the

geometry and the parameters of PMECCs, respectively.
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Fig 3. 1 Cross section of permanent magnet eddy current couplings
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Fig 3. 2 Geometric parameters of the PMECCs

Table 3. 2 Parameters of squirrel cage permanent magnet eddy current couplings
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Parameter name Value/ type

Active diameter 150 mm

Air gap length Imm

Number of poles 14/ 22

Number of slots 17/23

Permanent magnets NdFeB 30

Squirrel cage material Copper / Aluminium
Axial Length 50mm

3.2.1.1 Squirrel cage PMECCs with 14/17 pole/slots

This section focuses on squirrel cage PMECCs with 14/17 pole/slot combination. A
3D finite element analysis is completed to study the influence of permanent magnet
thickness on the transmitted torque and the impact of slot depth and end ring length
on relative speed where the maximum transmitted torque occurs, and finally the
material type of the conductive rotor. Fig 3.3 shows a PMECCs with pole/slot

combination of 14/17.

(i) Cross-sectional view (i) 3D view

Fig 3. 3 PMECCs with 14/ 17 pole / slot combination

3.2.1.1.1 Copper squirrel cage

Fig 3.4 illustrates the effect of increasing the thickness of permanent magnets on the
transmitted torque. Clearly, it can be seen that the transmitted torque is improved by

increasing the permanent magnet thickness due to increase in magnetomotive force
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However, beyond 6 mm of magnet thickness the improvement torque transmission

is small and may not justify the increase cost of the magnet.

1 2 3 4 5 ] 7 8 9 10
PM Thickness (mm)

Fig 3. 4 Variation of maximum transmitted torque with thickness of PM. (14/ 17
pole/slot combination)

Furthermore, with a selected permanent magnet thickness of 6 mm and an end ring
length of 5 mm, Fig 3.5 shows the variation of the transmitted torque with a relative

speed for 11 mm slot depth. It can be seen that for this coupling, the maximum

transmitted torque occurs at the relative speed oL = 136.4 rpm. Moreover, Fig 3.6

shows the variation of the transmitted torque with a relative speed of the same

PMECCs when the slot depth is increased to 15 mm. The result indicates that, by

increasing the amount of copper material, the relative speed 0, at which the

maximum torque occurs, is reduced to 0L = 88.5 rpm.
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Fig 3. 5 Variation of transmitted torque with relative speed. (11mm slot depth;
Gr = 680 (i—i) /m3) (1) ~ 98.7% over an NEDC)
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Fig 3. 6 Variation of transmitted torque with relative speed. (15mm slot depth)
Gy = 980 (i—r;)/m3 (N ~ 99.1% over an NEDC)

Additionally, Fig 3.7 and Fig 3.8 show the variations of maximum transmitted torque
and corresponding relative speed with endring length, respectively. It can be seen

that endring length has significant effect on relative speed where the maximum
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transmitted torque occurs. Nevertheless, it has a negligible influence on the

maximum torque transmitted.
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Fig 3. 7 Variation of maximum transmitted torque with endring length. (11 mm slot
depth)
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Fig 3. 8 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (11 mm slot depth)
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Similarly, but a 15mm slot depth, Fig 3.9 and Fig 3.10 show the variation of
maximum torque transmitted and corresponding relative speed with endring length,
respectively. It can be seen that increasing the endring thickness reduces the relative

speed at which the maximum torque occurs.
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Fig 3. 9 Variation of maximum transmitted torque with endring length. (15 mm slot

depth)
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Fig 3. 10 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (15 mm slot depth)
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3.2.1.1.2 Aluminium squirrel cage

To investigate the influence of the material type on the performance of the PMECCs,
a similar study is conducted on the same coupling; however, the squirrel cage rotor
material is now assumed to be aluminium. Fig 3.11 shows the variation of transmitted
torque with relative speed. It can be seen that when aluminium, which has a lower

electrical conductivity than copper, the relative speed at which the maximum torque

occurs is now significantly larger, o = 197 rpm and O = 126.6 rpm, for 11mm and

15mm slot depths, respectively. However, the maximum transmitted torque remains

fairly constant.

Transmitted Torque (Nm)
e e T T T T R
= th (=] th (=] th =

R

20 40 &0 80 100 120 140 160 130 200 220
Relative Speed (rpm)

(a) Slot depth 11mm G, = 452.7 (rl\;—z)/m3 (n ~ 98 % over an

NEDC)
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(b) Slot depth 15mm Gf = 679 (i—z)/m3 (n ~ 98.8% over an

NEDC)

Fig 3. 11 Variation of transmitted torque with different slot depth.

Additionally, Fig 3.12 and Fig 3.13 show the variation of maximum torque
transmitted and corresponding relative speed with endring length, respectively. It can
be seen that endring length has significant effect on relative speed nevertheless, it

has a minor influence on the maximum torque transmitted.
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Fig 3. 12 Variation of maximum transmitted torque with endring length. (11 mm
slot depth)
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Fig 3. 13 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (11 mm slot depth)

Similarly, for 15mm slot depth, Fig 3.14 and Fig 3.15 show the variations of

maximum torque transmitted and corresponding relative speed with endring length.
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Fig 3. 15 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (15 mm slot depth)

3.2.1.2 Squirrel cage PMECCs with 22/23 pole/slot

combination

This section concentrates on squirrel cage PMECCs with 22/23 pole/slots

combination. Similarly, 3-dimensional finite element analysis is undertaken to
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investigate the effect of permanent magnet thickness and slot depth on transmitted

torque.

3.2.1.2.1 Copper squirrel cage

Fig 3.16 shows a PMECCs with pole/slot combination of 22/23, and Fig 3.17
illustrates the effect of increasing the thickness of permanent magnets on the
coupling developed torque. Again, it can be seen that an optimum magnet thickness

exists, for which the transmitted torque is maximum.

Q) Cross-sectional view (i) 3D view

Fig 3. 16 PMECCs with pole / slot combination of 22/23
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Fig 3. 17 Variation of maximum transmitted torque with PM thickness. (15.5 mm
slot depth)

For a PM thickness of 6 mm, and end ring length of 6 mm, Fig 3.18 shows the
variation of transmitted torque with relative speed. It can be seen that the relative
speed corresponding to the maximum transmitted torque is decreased when the slot
depth is increased, resulting in over reduction in the resistance of the bar. However,
it can also be seen, that increasing the slot depth results in a slight decrease in the
maximum transmitted torque, due to an increase in the leakage reactance of the

squirrel cage.
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(a) Slot depth 12mm. G; = 643 (rl\;—I:l)/m3 (n ~ 98.7% over an NEDC)
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Fig 3. 18 Variation of maximum transmitted torque with relative speed.

Additionally, Fig 3.19 and Fig 3.20 show the variation of maximum transmitted
torque and the corresponding relative speed with endring length with copper
material. It can be seen that endring length has significant effect on relative speed
corresponding to the maximum transmitted torque. However, it can also be seen the

effect of endring length on the maximum torque transmitted, is less prominent.
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Fig 3. 19 Variation of maximum torque transmitted with endring length. (12mm
slot depth)
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Fig 3. 20 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (12mm slot depth)

For a slot depth of 15.5mm, Fig 3.21 and Fig 3.22 show the maximum torque
transmitted and the corresponding relative speed with endring length. It can be seen
that an endring length exists, beyond which variation in transmitted torque and

corresponding relative speed, are negligible.

Maximum Torque Transmitted (Nm)

Endring Length (mm)

Fig 3. 21 Variation of maximum torque transmitted with endring length. (15.5mm
slot depth)
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Fig 3. 22 Variation of relative speed corresponding to maximum transmitted torque
with endring length. (15.5mm slot depth)

3.2.1.2.2 Aluminium squirrel cage

Furthermore, Fig 3.23 shows the variation of transmitted torque with the relative
speed for aluminium squirrel cage. It can be seen that, the higher resistivity of
aluminium results in similar maximum transmitted torque, albeit at a much larger

corresponding relative speed.

Transmitted Torque (Nm)
= )
I — T R - - — - -]
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(a) Slot depth 12mm. G, = 470 (i—‘jn) /m3 (1) ~ 97.9% over an NEDC)
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Fig 3. 23 Variation of transmitted torque with relative speed.

3.2.2 PMECCs with conductive sheet rotor

This section investigates the performance of single sided PMECCs with a conductive
sheet rotor. 3-dimensional finite element analysis is employed to investigate the
effects of various parameters, such as, PM and conductive sheet thicknesses. Fig 3.24
shows permanent magnets eddy current couplings equipped with sheet conductive

rotor. Furthermore, Fig 3.25 and Table 3.3 show the geometry and the parameters of

the PMECC:s.
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(1) Cross-sectional view (i) 3D model

Fig 3. 24 PMECCs with a conductive sheet rotor
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Fig 3. 25 Geometric parameters of the PMECCs
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Table 3. 3 Parameters of PMECCs with conductive sheet rotor

Parameter name Value/ type

Active diameter 150 mm

Air gap length 1 mm

Number of poles 14

Conductive sheet thickness 2-12mm

Permanent magnets NdFeB 30
Conductive ring material Copper / Aluminium
Axial Length 50 mm

3.2.2.1 Copper conductive sheet

Fig 3.26 shows the variation of the transmitted torque with the thickness of
permanent magnets, when conductive rotor thickness is kept at 2 mm. Moreover, for
a magnet thickness of 7mm, Fig 3.27 shows the variation of the relative speed
corresponding to the maximum transmitted torque with the thickness of the
conductive sheet. It can be seen, that when a current a conductive sheet is employed,
significantly larger transmitted torques are achieved. However, this is a realised at
the expense of transmission efficiency, since these maximum transmitted torques
occurs at significantly larger relative speeds, approximately an order of magnitude
larger than those encountered in squirrel cage topologies. Furthermore, Fig 3.28
shows the variation of transmitted torque for different copper conductive sheet

thicknesses.
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Fig 3. 26 Variation of maximum transmitted torque with PM thickness. (2 mm
conductive sheet thickness)
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Fig 3. 27 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet. (7 mm PM thickness)
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Fig 3. 28 Variation of maximum torque transmitted with different copper
conductive sheet thickness.( 6mm copper conductive sheet G = 150 (i—i)/m%

(n ~ 94.2% over an NEDC)

3.2.2.2 Aluminium conductive sheet

In addition, Fig 3.29 shows the variation of transmitted torque of this coupling with
aluminium material with different conductive sheet thickness, and Fig 3.30 shows
the variation of the relative speed corresponding to the maximum transmitted torque

with the thickness of the conductive sheet.

64



110

100

Maximum Transmitted Torgue (Nm)

p 4 6 3 10 12
Conductive Sheet Thickness (mm)

Fig 3. 29 Variation of maximum transmitted torque with different Aluminium
conductive sheet thickness.( 6mm Aluminium conductive sheet G, =

100 (i—‘;) /m3 (17 ~ 91.7% over an NEDC)
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Fig 3. 30 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet. (7 mm PM thickness)
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3.3 Double sided permanent magnet eddy current

couplings

3.3.1 PMECCs with Squirrel cage rotor type

This section investigates the performance of double-sided PMECCs with a squirrel
cage rotor. Fig 3.31 shows a general cross-section of double-sided permanent magnet
eddy current couplings equipped with a squirrel cage rotor. Fig 3.32 and Table 3.4

show the geometry and the parameters of PMECCs, under investigation.

Permanent magnets rotors

Squirrel Cage rotor

Steel pieces - Air gaps

Fig 3. 31 Cross-sectional view of double-sided PMECC
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Fig 3. 32 Geometrical parameters of the PMECCs

Table 3. 4 Parameters of double sided squirrel cage PMECCs

Parameter name Value/ type

Active diameter 150 mm

Air gap length 1mm

Number of poles 14/ 22

Number of slots 17/23

Permanent magnets NdFeB 30

Squirrel cage material Copper / Aluminium
Axial Length 50mm
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3.3.1.1 14/17 pole/slot combination

This section investigates the performance of double sided PMECCs with 14/17
pole/slot combination. Fig 3.33 shows a complete design of double sided PMECC

equipped with squirrel cage rotor.

Q) Cross-sectional view (i) 3D view

Fig 3. 33 Double sided PMECCs with pole / slot combination of 14/17

3.3.1.1.1 Copper squirrel cage

With a selected PM and endring thickness of 6 mm and 5mm respectively, Fig 3.34
shows the variation of the transmitted torque with relative speed for a 9.2 mm slot

depth. It can be seen that the maximum transmitted torque is significantly larger than
that of the single sided counterpart, however, this occurs at a much larger speed, 0. =

535 rpm. In addition, Fig 3.35 shows the variation of the transmitted torque with

relative speed when the slot depth is increased to 13.4 mm, It can be seen that this

results in a significant reduction in the relative speed, 0. = 364 rpm.
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Fig 3. 34 Variation of transmitted torque with relative speed. (9.2 mm slot depth)
(G = 535 (;—E)/m?’) (n ~ 98.4% over an NEDC)
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Fig 3. 35 Variation of transmitted torque with relative speed. (13.4 mm slot depth)
(G = 691 (2}—2)/m3) (n ~ 98.6% over an NEDC)

3.3.1.1.2 Aluminium squirrel cage

Similarly, with a selected PM and endring thickness of 6 mm and 5mm respectively,
Fig 3.36 shows the variation of the transmitted torque with relative speed for a 9.2

mm slot depth. It can be seen that the maximum transmitted torque is significantly
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larger than that of the single sided counterpart, however, this occurs at a much larger
speed, a0 = 790 rpm. In addition, Fig 3.37 shows the variation of the transmitted
torque with relative speed when the slot depth is increased to 13.4 mm, It can be seen

that this results in a significant reduction in the relative speed, 0. = 525 rpm.
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Fig 3. 36 Variation of transmitted torque with relative speed. (9.2 mm slot depth)
(G = 358 (i—r;)/m% (n ~ 97.6% over an NEDC)
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Fig 3. 37 Variation of transmitted torque with relative speed. (13.4 mm slot depth)
(G = 474 (i—r;) /m3) (17 ~ 98.2% over an NEDC)
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3.3.1.2 PMECCs with Squirrel cage rotor and 22/23

pole/slot

This section investigates the performance of double sided PMECCs with a squirrel
cage rotor equipped with 22/23 pole/slot combination. Fig 3.38 shows schematics of

double sided permanent magnets eddy current couplings equipped with squirrel cage.

Fig 3. 38 Double sided PMECCs with pole / slot combination of 22-23

3.3.1.2.1 Copper squirrel cage

With a selected PM and endring thickness of 6 mm and 6mm respectively, Fig 3.39
shows the variation of the transmitted torque with relative speed for a 9 mm slot

depth. It can be seen that the maximum transmitted torque is significantly larger than
that of the single sided counterpart, however, this occurs at a much larger speed, oL =

442.7 rpm. In addition, Fig 3.40 shows the variation of the transmitted torque with

relative speed when the slot depth is increased to 13.1 mm, It can be seen that this

results in a significant reduction in the relative speed, 0. = 293.6 rpm.
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Fig 3. 39 Variation of transmitted torque with relative speed. (9 mm slot depth)
(G = 497 (;—“;)/m?)) (n ~ 98.6% over an NEDC)
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Fig 3. 40 Variation of transmitted torque with relative speed. (13.1 mm slot depth)
(G = 650 (2—2)/m3) (n ~ 98.7% over an NEDC)

3.3.1.2.2 Aluminium squirrel cage

Similarly, with a selected PM and endring thickness of 6 mm and 6mm respectively,
Fig 3.41 shows the variation of the transmitted torque with relative speed for a9 mm
slot depth. It can be seen that the maximum transmitted torque is significantly larger
than that of the single sided counterpart, however, this occurs at a much larger speed,
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0L = 670.6 rpm. In addition, Fig 3.42 shows the variation of the transmitted torque

with relative speed when the slot depth is increased to 13.1 mm, It can be seen that

this results in a significant reduction in the relative speed, oL = 429.7 rpm.
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Fig 3. 41 Variation of transmitted torque with relative speed. (9 mm slot depth)
(Gr = 320 (i—z)/m% (n ~ 97.7% over an NEDC)
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Fig 3. 42 Variation of transmitted torque with relative speed. (13.1 mm slot depth)
(G = 433 (i—r;)/m% (n ~ 98.2% over an NEDC)



3.3.2 PMECCs with conductive sheet

This section investigates the performance of double sided PMECCs with a
conductive sheet rotor. Fig 3.43 shows double sided permanent magnets eddy current
couplings equipped with sheet conductive rotor. Furthermore, Fig 3.44 and Table 3.5

show the geometric details and the parameters of the PMECCs.

(1) 2D cross section (i) 3D model

Fig 3. 43 PMECCs with conductive sheet rotor
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Fig 3. 44 Geometric details of the PMECCs
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Table 3. 5 Parameters of double sided PMECCs with conductive sheet rotor

Parameter name Value/ type

Active diameter 150 mm

Air gap length 1 mm

Number of poles 14

Conductive sheet thickness 4-8 mm

Permanent magnets NdFeB 30
Conductive ring material Copper / Aluminium
Axial Length 50 mm

3.3.2.1 Copper squirrel cage

For a PM thickness of 7 mm, Fig 3.45 shows the Variation of relative speed
corresponding to the maximum transmitted torque with the thickness of conductive
sheet, and Fig 3.46 shows the variation of transmitted torque, for different conductive
sheet thicknesses. It can be seen that increasing the thickness of the conductive sheet

results in reduced maximum transmitted torque.

1500
1400
1300
1200

1100

Relative Speed (rpm)

1000
200

4 6 8
Conductive Sheet Thickness (mm)

Fig 3. 45 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet.
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Fig 3. 46 Variation of maximum transmitted torque with different copper
conductive sheet thickness.( 6mm copper conductive sheet G, = 316 (i—i)/m%

(n ~ 97.2% over an NEDC)

3.3.2.2 Aluminium conductive sheet

Similarly, Fig 3.47 shows the variation of relative speed corresponding to the
maximum transmitted torque with the thickness of conductive sheet. and Fig 3.48
shows the variation of transmitted torque, for different conductive sheet thicknesses
It can be seen that, similarly to copper, increasing the thickness of the conductive

sheet results in reduced maximum transmitted torque.
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Fig 3. 47 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet.
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Fig 3. 48 Variation of maximum transmitted torque with different Aluminium
conductive sheet thickness. ( 6mm Aluminium conductive sheet G, =

206 (i—‘;) /m3) (17 ~ 95.8% over an NEDC)
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3.4 Discussion and conclusion

In this chapter simulation and analysis studies of different radial-field topologies of
PMECC:s using Copper and Aluminium as conductive materials are presented. It has
been shown, that for both Copper and Aluminium using a squirrel cage result in
significantly more efficient PMECCs. Employing squirrel cage rotor type improves
the torque density of the coupling and strengthen the magnetic field in the air gap.
Furthermore, as it can be seen in Table 3.6 for the single sided squirrel cage PMECCs
with 14/17 pole/slot combination, and 11mm /15mm slot depth both coupling
produce similar transmitted torque however, at different slip speeds, and this is due
to reduction in the total impedance of the coupling and increase in the out power.
employing conductor sheets may result in higher torque transmission capabilities,
but this is at the expense of efficiency. Therefore, the use of conductor sheet material
should be reserved to damper/braking applications, instead of power transmission
applications. Furthermore, a goodness factor is introduced, in order to assess and
compare the performance of the various topologies. The factor is essentially the
damping factor volumetric density is essentially the damping coefficient at zero slip-
speed. Moreover, Table 3.6 shows a comparison between all different designs’
parameters and efficiency. Furthermore, and as would be expected the axial thickness
of the end ring has significant effect since it is part of the circuits where the induced

current will flow.
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Table 3. 6 Comparison between all different radial designs’ parameters and

efficiency.
Type of Volume Poles/slot | Slot/sheet | Sided | Material Gt (v} T,.(Nm) | 1%
conductive (mm~3) depth (rpm)

rotor (mm)
Squirrel cage | 0.883 14/17 11 SS Cu 680 | 136.4 | 39.8 | 98.7
Squirrel cage | 0.883 14/17 15 SS Cu 980 88.5 39.6 | 99.1
Squirrel cage 0.883 14/17 11 SS Alu 452.7 | 197 39.7 98
Squirrel cage | 0.883 14/17 15 SS Alu 679 | 126.6 | 39.5 | 98.8
Squirrel cage | 0.883 22/23 12 SS Cu 643 | 87.44 | 26.87 | 98.7
Squirrel cage 0.883 22/23 155 SS Cu 997 58 26.2 | 99.1
Squirrel cage | 0.883 22/23 11 SS Alu 470 133 26.6 | 97.9
Squirrel cage | 0.883 22/23 15.5 SS Alu 668 80.2 259 | 98.7

Sheet 0.883 14 6 SS Cu 150 800 525 | 94.2

Sheet 0.883 14 6 SS Alu 100 | 1260 57 91.7
Squirrel cage | 0.883 14/17 9.2 DS Cu 535 535 131 98.4
Squirrel cage 0.883 14/17 134 DS Cu 691 364 1104 | 98.6
Squirrel cage | 0.883 14/17 9.2 DS Alu 358 790 127.2 | 97.6
Squirrel cage | 0.883 14/17 13.4 DS Alu 474 525 109.7 | 98.2
Squirrel cage 0.883 22/23 9 DS Cu 497 | 442.7 109 98.6
Squirrel cage | 0.883 22/23 13.1 DS Cu 650 | 293.6 92 98.7
Squirrel cage | 0.883 22/23 9 DS Alu 320 | 670.6 112 97.7
Squirrel cage 0.883 22/23 13.1 DS Alu 433 | 429.7 921 | 98.2

Sheet 0.883 14 6 DS Cu 316 | 1115 155 97.2

Sheet 0.883 14 6 DS Alu 206 | 1680 150 95.8
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Chapter 4
An Investigation and design of different

structures of axial field permanent

magnet eddy current couplings

4.1 Introduction

In this chapter different sections are introduced to investigate multiple topologies of
an axial permanent magnets eddy current couplings PMECCs and compare their
performance and efficiency with PMECCs radial field topology. A single-sided (SS)
and double-sided (DS) topologies equipped with an axially magnetized surface
permanent magnets (SPM) forming a permanent magnet rotor, and two different
types of conductive rotors are studied. The first rotor structure is a squirrel cage rotor,
and the second rotor structure is a conductive sheet rotor. 3-dimensional finite
elements is used and a transient solution is adopted to simulate, analyse, and compare
the results, of different topologies. Moreover, squirrel cage pole/slot combinations
have been selected to the best of least common factor to have low cogging torque,
also, the conductive material has been chosen based on the difference of their
electrical properties to examine their influence on the PMECCs efficiency and

performance. Table 4.1 shows the parameters of the different designs considered.
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Table 4. 1 Considered designs of PMECCs.

Topology type Single sided - 3D Double sided - 3D
Conductive rotor structure Squirrel cage sheet Squirrel cage sheet
Conductive rotor material Cu | Al |cCu \ Al | cu | AI | Cu ] Al
Pole and Pole/Slot combination 14/17 14/17

Conductive sheet thickness (mm) “I

4.2 Single sided permanent magnet eddy current

couplings

4.2.1 PMECCs with Squirrel cage rotor type.

This section investigates the performance of axial single-sided PMECCs with a
squirrel cage rotor. Fig. 4.1 and Table 4.2 show geometry and the parameters of

PMECCs, respectively.
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Back iron

Permanent Magnets

Squirrel Cage

Fig 4. 1 Schematic of an axial single sided squirrel cage PMECC

Table 4. 2 Parameters of an axial single sided squirrel cage PMECCs

Parameter name Value/ type

Active diameter 150 mm

Air gap length Imm

Number of poles 14

Number of bars 17

Permanent magnets NdFeB

Squirrel cage material Copper / Aluminium
Squirrel cage bar axial length 14.6 /22 mm
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4.2.1.1 Copper squirrel cage

Finite element analysis is employed in order to study the effect of permanent magnets
thickness on the developed torque, and the impact of the squirrel cage bars axial
length, and end ring radial thickness on relative speed corresponding to the maximum
transmitted torque. Fig. 4.2 shows the variation of maximum transmitted torque with
the thickness of permanent magnets. It can be seen that the maximum transmitted
torque increases with increasing the permanent magnets thickness due to increase in
magnetomotive force, albeit with diminishing returns as the magnet thickness is

further increased. Furthermore,

Developed Torgue (Nm)
(]
=

1 2 3 4 5 i 7 8 9 10
PM Thickness (mm)

Fig 4. 2 Variation of maximum transmitted torque with thickness of PM.

with a chosen permanent magnet of 7 mm of thickness and 6 mm endring radial
thickness, Fig.4.3 shows the variation of transmitted torque with relative speed of

this coupling with copper material and bars axial length of 14.6 mm. It can be seen

for this coupling the maximum transmitted torque occurs O = 136 rpm. Furthermore,

Fig.4.4 shows the variation of the transmitted torque with relative speed of the same

PMECC, when the bars axial length is increased to 22 mm. The result indicates that,
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by increasing the amount of copper material, the relative speed ., at which the

maximum torque occurs is now reduced to O = 80 rpm, as would be expected.
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Fig 4. 3 Variation of transmitted torque with relative speed. (14.6 mm bar axial
length). Gy = 605 (i_fln) /m3 (17 ~ 98.2% over an NEDC)
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Fig 4. 4 Variation of transmitted torque with relative speed. (22 mm bar axial

length). G, = 713 (r‘l—r;)/m?’ (n ~ 98.8% over an NEDC)

Additionally, Fig 4.5 and Fig 4.6 show the variation of maximum transmitted torque

and corresponding relative speed with endring radial thickness, respectively. It can
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be seen that the endring radial thickness has significant effect on relative speed where
the maximum transmitted torque occurs. But, it has a negligible influence on the

maximum transmitted torque.
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Fig 4. 5 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial length).
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Fig 4. 6 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length)

Similarly, but with a 22 mm bar axial length, Fig 4.7 and Fig 4.8 show the variation

of maximum torque transmitted and corresponding relative speed with endring radial
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thickness, respectively. It can be seen that relative speed at which the maximum
torque occurs is reduced with increasing the endring radial thickness. It can also be
seen that the maximum transmitted torque is relatively unaffected, while the

corresponding relative speed descreases with increaing the radial thickness of the

endring.
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Fig 4. 7 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial length)
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Fig 4. 8 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)
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4.2.1.2 Aluminum squirrel cage

To explore the influence of the material type on the performance of this PMECC a
similar study is conducted on the same coupling, however, the squirrel cage rotor
material is now assumed to be made from aluminium. Fig. 4.9 shows the variation
of transmitted torque with relative speed. It can be seen that the relative speed

corresponding to maximum transmitted torque is now significantly larger due to

lower electrical conductivity of aluminium. o = 224 rpm and 0. = 122 rpm for 14.6

mm and 22 mm bar axial length, respectively . However, the maximum transmitted

torque remains fairly constant.
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(a) 14.6 mm of bar axial length G, = 370 (2—2)/m3 (n ~ 97.1% over an NEDC)
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(b) 22 mm of bar axial length G = 469 (i—z)/ms‘ (n ~ 97.9% over an NEDC)

Fig 4. 9 Variation of transmitted torque with relative speed for different bar axial
length. (6mm endring radial thickness)

Furthermore, Fig 4.10 and Fig 4.11 show the variation of maximum torque
transmitted and corresponding relative speed with endring radial thickness
respectively. It can be seen that endring radial thickness has considerable influence

on relative speed, yet, it has a negligible effect on the maximum torque transmitted.
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Fig 4. 10 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial length)
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Fig 4. 11 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length)

Also, for 22 mm bar axial length, Fig 4.12 and Fig 4.13 show the variations of
maximum torque transmitted and corresponding relative speed with endring radial

thickness.

Maximum Transmitted Torque (Nm)

1 2 3 4 5 6 7 8 9 10
Endring Radial Thickness (mm)

Fig 4. 12 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial length)

90



ot el et b b

Relative Speed (rpm)
=S225822E8E85s

1 2 3 4 5 6 7 8 9 10
Endring Eadial Thickness (mm)

Fig 4. 13 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)

4.2.2 PMECCs with conductive sheet rotor

This section investigates the performance of an axial single sided PMECCs with a
conductive sheet rotor. 3-dimensional finite element analysis is employed to
investigate the torque transmission performance of the coupling. Fig 4.14 shows a
schematic permanent magnets eddy current coupling equipped with a conductive

sheet rotor, and Table 4.3 shows the parameters of PMECCs, respectively.
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Fig 4. 14 Axial single sided PMECCs with a conductive ring rotor

Table 4. 3 Parameters of conductive ring rotor PMECCs.

Parameter name Value/ type

Active diameter 150 mm

Air gap length 1 mm

Number of poles 14

Conductive sheet thickness 4-8 mm

Permanent magnets NdFeB 30
Conductive sheet material Copper / Aluminium
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4.2.2.1 Copper conductive sheet

Fig 4.15 shows the variation of the transmitted torque with the thickness of
permanent magnets, when conductive rotor thickness is kept at 4 mm. Moreover, for
a magnet thickness of 7mm, Fig 4.16 shows the variation of the relative speed
corresponding to the maximum transmitted torque with the thickness of the
conductive sheet, and Fig 4.17 shows the variation of transmitted torque for different
copper conductive sheet thicknesses. It can be seen that similar to radial-field
topologies, employing a conductive sheet, results in signficantly larger relative
speeds corresponding to the maximum transmitted torques. This is not desirable for

torque transmission applications.
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Fig 4. 15 Variation of maximum transmitted torque with thickness of PM. (4 mm
conductive sheet thickness)
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Fig 4. 16 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet.
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Fig 4. 17 Variation of maximum torque transmitted with different copper

conductive sheet thickness. (6mm copper conductive sheet G, = 156 (i—rrnn) /m3

(n ~ 91.9% over an NEDC)

4.2.2.2 Aluminum conductive sheet

Fig 4.18 shows the variation of the relative speed corresponding to the maximum
transmitted torque with the thickness of the conductive sheet and Fig 4.19 shows the

variation of maximum transmitted torque with conductive sheet thickness. It can be
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seen that both maximum transmitted torque and corresponding relative speed are

decreased with increased sheet thickness.
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Fig 4. 18 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet.
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Fig 4. 19 Variation of maximum transmitted torque with different aluminium
conductive sheet thickness. (6mm aluminium conductive sheet Gy =

111 (i—‘:‘n) /m3 (1) ~ 88.9% over an NEDC)
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4.3 Double sided permanent magnet eddy current
coupling

4.3.1 PMECCs with Squirrel cage rotor type

This section investigates the performance of an axial double sided PMECCs with a
squirrel cage rotor. Fig 4.20 shows an axial double-sided permanent magnet eddy
current coupling equipped with squirrel cage rotor, and Table 4.4 gives the geometric

parameters of the PMECCs.

I End rings | | Back iron |

Steel pieces |

Back iron

Squirrel Cage

| Permanent Magnets

Back iron Thickness
4

Fig 4. 20 Axial double-sided PMECCs with squirrel cage.
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Table 4. 4 Parameters of an Axial double-Sided Parameters of squirrel cage

PMECCs.
Parameter name Value/ type
Active diameter 150 mm
Air gap length Imm
Number of poles 14
Number of bars 17
Permanent magnets NdFeB
Squirrel cage material Copper / Aluminium
Squirrel cage axial length 14.6 / 22 mm

4.3.1.1 Copper squirrel cage

Fig 4.21 shows the variation of maximum transmitted with the thickness of
permanent magnets. Clearly, and as would be expected, it can be seen that the
transmitted torque is improved by increasing the permanent magnet thickness, albeit
with diminishing returns when the PM thickness is increased further. However, it
can also be seen that an optimum magnet thickness for which a transmitted torque is
maximum exists. Furthermore, with a selected PM and endring radial thickness of
7mm and 6mm respectively, Fig 4.22 shows the variation of transmitted torque with
relative speed for bar axial length of 14.6 mm. It can be seen for this coupling the

maximum transmitted torque is significantly larger than that of the single sided

counterpart, however, this occurs at a much larger relative speed, oL = 350 rpm. In

addition, Fig 4.23 shows the variation of the transmitted torque with relative speed

when the bars axial length is increased to 22 mm, It can be seen that this results in a

significant reduction in the relative speed, 0 = 224 rpm.
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Fig 4. 21 Variation of maximum transmitted torque with thickness of PM.
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Fig 4. 22 Variation of transmitted torque with relative speed (14.6 mm of bar axial
length) G, = 498 (;—2) /m3 (1) ~ 98.3% over an NEDC)
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Fig 4. 23 Variation of transmitted torque with relative speed (22 mm of bar axial
length) G, = 601 (;—:1) /m3 (1) ~ 98.7% over an NEDC)

Additionally, Fig 4.24 and Fig 4.25 show the variation of maximum transmitted
torque and corresponding relative speeds with endring radial thickness, respectively.
It can be seen that endring radial thickness has significant effect on relative speed
where the maximum transmitted torque occurs. But has a slight influence on the

maximum transmitted torque.
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Fig 4. 24 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial length)
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Fig 4. 25 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length)

Moreover, for 22 mm bar axial length Fig 4.26 and Fig 4.27 show the maximum
torque transmitted and the corresponding relative speed with endring radial
thickness. It can be seen that an endring radial thickness exists, beyond which

variation in transmitted torque and corresponding relative speed, are negligible.
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Fig 4. 26 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial length)
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Fig 4. 27 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)

4.3.1.2 Aluminium squirrel cage

Comparably, with a selected PM and endring radial thickness of 7 mm and 6mm, Fig
4.28 and Fig 4.29 show the variation of transmitted torque with relative speed for bar
axial length of 14.6 and 22 mm, respectively. It can be seen that when aluminium is

employed, which has a lower electrical conductivity than copper, the relative speed

at which the maximum torque occurs is now significantly larger, o = 542 rpm and

oL = 318 rpm, for 14.6 mm and 22 mm bar axial length, respectively. However, the

maximum transmitted torque remains fairly constant.
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Fig 4. 28 Variation of transmitted torque with relative speed with aluminium
material (14.6 mm of bar axial length) G, = 326 (i—r:l)/m3 (n ~ 97.4% over an

NEDC)
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Fig 4. 29 Variation of transmitted torque with relative speed with aluminium

material (22 mm of bar axial length) G, = 417 (2—2)/m3 (n ~ 98.2% over an
NEDC)

Moreover, Fig. 4.30 and Fig. 4.31 show the variation of maximum transmitted torque

and corresponding relative speed with endring radial thickness for bar axial length
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of 14.6 mm. It can be seen that endring length has a major effect on relative speed

nevertheless, it has a minor influence on the maximum torque transmitted.
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Fig 4. 30 Variation of maximum transmitted torque with endring radial thickness.
(14.6 mm bar axial length)
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Fig 4. 31 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (14.6 mm bar axial length)

Likewise, Fig 4.32 and Fig 4.33 show the variation of maximum transmitted torque

and corresponding relative speed with endring radial thickness for a bar axial length
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of 22 mm. Similarly, to 14.6 mm endring radial thickness has a significant effect on

the relative speed corresopnding to maximum transmitted torque.
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Fig 4. 32 Variation of maximum transmitted torque with endring radial thickness.
(22 mm bar axial length)
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Fig 4. 33 Variation of relative speed corresponding to maximum transmitted torque
with endring radial thickness. (22 mm bar axial length)

432  PMECCs with conductive sheet

This section investigates the performance of axial double sided PMECCs with a
conductive sheet rotor. 3-dimensional finite element analysis is completed to
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examine the developed torque of this coupling along with increasing the thickness of
permanent magnets. As well, it studies the effect of the thickness of the conductive
sheet on relative speed. Fig 4.34 and Table 4.5 show the geometric details and the

parameters of the PMECCs, respectively.

Back iron Back iron

| Permanent Magnets |

Conductive sheet

| ——— |m

| Conductive Sheet Thickness

— tﬁ

Air paps

Fig 4. 34 Axial double-sided permanent magnet eddy current coupling with a
conductive ring rotor

Table 4. 5 Parameters of axial double sided PMECCs with conductive sheet rotor.
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Parameter name Value/ type

Active diameter 150 mm

Air gap length 1 mm

Number of poles 14

Conductive sheet thickness 4-8 mm

Permanent magnets NdFeB 30
Conductive sheet material Copper / Aluminium

4.3.2.1 Copper conductive sheet

Fig 4.35 shows the variation of maximum transmitted torque with increased
thickness of permanent magnets, when conductive rotor thickness is kept at 4 mm.
For a 7 mm thickness, Fig 4.36 shows the effect of the thickness of conductive sheet

on relative speed. Furthermore, Fig 4.37 shows the variation of maximum

transmitted torque with conductive sheet thickness.
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Fig 4. 35 Variation of maximum transmitted torque with thickness of PM
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Fig 4. 36 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of conductive sheet.

152
142
132

112

Maximum Transmitted Torque (Nm)

.

6
Conductive Sheet Thickness (mm)

(=]

Fig 4. 37 Variation of maximum transmitted torque with different copper
conductive sheet thickness. (6mm copper conductive sheet G, = 281 (i—m

%) /m?

(N ~ 96.4% over an NEDC)

4.3.2.2 Aluminium conductive sheet

Likewise, Fig 4.38 shows the variation of relative speed corresponding to the
maximum transmitted torque with the thickness of aluminum conductive sheet, and

Fig 4.39 shows the variation of maximum transmitted torque, with different
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conductive sheet thickness. It can be seen that, similarly to copper, increasing the
thickness of the conductive sheet results in reduced maximum transmitted torque and

corresponding relative speed.
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Fig 4. 38 Variation of relative speed corresponding to the maximum transmitted
torque with the thickness of aluminium conductive sheet.
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Fig 4. 39 Variation of maximum transmitted torque with different aluminium
conductive sheet thickness. (6mm copper aluminium sheet G = 192 (i—rr”n)/m3)

(n ~ 79.8% over an NEDC)
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4.4 Discussion

It can be observed that different PMECCs designs have distinctive torque and speed
characteristics. However, as previously explained PMECCs’ efficiency is mainly
affected by input speed and relative speed and either the higher input speed or smaller
relative speed the higher the efficiency. Furthermore, Table 4.6 shows a comparison

between all different axial field designs’ parameters and efficiency.

Table 4. 6 comparison between all different axial field designs’ parameters and

efficiency.

Type of Volume Poles/slot Slot/sheet Sided Material Gt (V] T, n %

conductive rotor (litre) depth (rpm) (Nm)
(mm)

Squirrel cage 0.753 14/17 14.6 SS Cu 605 136 31 98.2
Squirrel cage 0.883 14/17 22 SS Cu 713 80 25.2 98.8
Squirrel cage 0.753 14/17 14.6 SS Alu 370 224 31.2 97.1
Squirrel cage 0.883 14/17 22 SS Alu 469 122 25.3 97.9

Sheet 0.060 14 6 SS Cu 156 927 43.5 91.9

Sheet 0.060 14 6 SS Alu 111 1305 | 43.7 88.9
Squirrel cage 0.984 14/17 14.6 DS Cu 498 350 78 98.3
Squirrel cage 10.24 14/17 22 DS Cu 601 224 69 98.7
Squirrel cage 0.984 14/17 14.6 DS Alu 326 542 79 97.4
Squirrel cage 10.24 14/17 22 DS Alu 417 318 68 98.2

Sheet 0.742 14 6 DS Cu 281 1195 125 96.4

Sheet 0.742 14 6 DS Alu 192 1705 122 79.8

Similarly, to radial field PMECCs, employing squirrel cage rotor type improves the
torque density of the coupling and strengthen the magnetic field in the air gap.
Furthermore, as it can be seen in Table 4.6 for the single sided squirrel cage PMECCs
with 14/17 pole/slot combination and comparing between 14.6mm /22mm slot depth,
efficiency has been improved , and this is due to reduction in the total impedance of

the squirrel cage and increase in the out power. Furthermore, in order to meet the
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requirement of energy efficiency of the couplings over the NEDC cycle, for example,
with the studied vehicle, the coulping should be able to transmit a minimum of 40
Nm and at low slip speed. Therefore, the selection of the coupling depends on the
one which best meets these conditions. For instance, within the limits of the provided
active diameter, the simulation result indicate that an axial single sided PMECCs

equipped with squirrel cage rotor and bar axial length of 22 mm can transmit a

maximum torque of 25.27 Nm and occurs at low correspoding relative speed 0. = 80

rpm, suggesting an excellent energy efficiency. However it does not meet the peak
torque requirement of the coupling. Therefore, in the following a comparison
between axial single and double sided permanent magnet eddy current couplings
with copper material is presented. Fig 4.40 shows the variation of transmitted torque
with relative speed of single sided PMECCs with copper material and bars axial
length of 22 mm. It can be seen that a torque of 24.9 Nm is transmitted at o = 100.
Furthermore, Fig 4.41 shows the variation of transmitted torque with relative speed
of double sided PMECCs with copper material and bars axial length of 22 mm and

can be observed that a torque of 54 Nm is transmitted at relative speed a = 100.
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Fig 4. 40 Variation of transmitted torque with relative speed. (axial single sided)
G = 713 (i—‘;)/m3 (n ~ 98.8% over an NEDC)
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Fig 4. 41 Variation of transmitted torque with relative speed. (axial double sided)
Gy = 601 (2—2)/m3 (n ~ 98.7% over an NEDC)

Moreover, Fig 4.42 and Fig 4.43 show the variation of transmitted torque with

relative speed of a radial single and double sided PMECCs with copper material. It
can be seen that for a single sided coupling a torque of 39.6 Nm is transmitted at o =

100 rpm.
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Fig 4. 42 Variation of transmitted torque with relative speed. (radial single sided-
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Fig 4. 43 Variation of transmitted torque with relative speed. (radial double sided -
13.4mm slot depth)) G = 691 (;—':l)/m3 (n ~ 98.6% over an NEDC)

Based on the the previous findings, and considering the values of the goodness factor,
it is clear that for the vehicle, application for example, it can be concluded that a

single sided PMECCs for both axial and radial topologies would be the better option.
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4.4.1 Conclusion

In this chapter simulation and analysis of different topologies, structures and
conductive material types of an axial permanent magnet eddy current coupling are
presented. Based on the finite element analysis, the torque and speed characteristics
of the PMECCs are predicted. It can be observed that PMECCs with Copper and
Aluminium material produce a similar maximum trasmitted torque, however, with
aluminum material maximum transmitted torque occurs at a higher corresponding
relative speed due to the lower conductivity. It has also been shown, and similar to
radial topologies, the end ring length of squirrel cage PMECCs has a significant
effect on the relative speed corresponding to the maximum torque, but it has a
practically negligible impact on the maximum transmitted torque. Furthermore,
increasing the thickness of conductive sheet for both copper and aluminium material
results in reduction of maximum transmitted torque, due to the increased effective

airgap and reduced PM field.
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Chapter 5

Squirrel cage end ring’s influence on

PMECCs

5.1 Introduction

In this chapter a comparison between 2D and 3D modelling of Single- and double-
sided squirrel cage permanent magnet eddy current couplings using finite element
analysis FEA is undertaken. This primarily focuses on the modelling and
representation of the end rings impedance in the circuit coupled 2D finite element
analysis. Although the calculation of resistance of the end-rings is straightforward,
the inductance is more complicated. Nevertheless, the ability to design and predict
the performance of PMECCs using 2D finite element is very useful and saves a
significant amount of time, and can be used for the initial dimensioning and

parametric studies before, one or more designs are selected for further analysis.

5.2 Single sided PMECCs with Squirrel cage rotor

This section studies single sided squirrel cage PMECCs. Figure 5.1 shows a cross-
section of a single sided PMECC equipped with a squirrel cage rotor. It consists of
an outer rotor that includes permanent magnets and a back iron, and an inner rotor
which includes a squirrel cage made from a conductive material backed by an iron

material. Fig 5.2 shows 2D and 3D view of the PMECCs.
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Squirrel Cage

Inner Rotor

Permanent Magnets

Fig 5. 1 Cross section of single sided of PMECCs

(i) 2D (i) 3D

Fig 5. 2 PMECCs equipped with squirrel cage rotor

A main component of this PMECC:s is its rotor, which is cylindrically shaped with
conductive bars short circuited at each end making a close loop. When currents are

induced in the bars during rotation, the end rings form a return path. Fig 5.3 shows a

3D view of squirrel cage.
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A

Fig 5. 3 Squirrel cage (3D view)

Consequently, the impedance of cage rotor includes the resistances and inductances
of the bars and the endrings [41]. In 3D modelling, the impedances of the bars and
endrings are parts of the finite element analysis, and there is no need for external
circuit connections. However, in the 2D analysis, although the impedances of the
bars are considered in the finite element analysis, the end-rings are not considered.
Therefore, incorporation of an external circuit representing the end-rings is required,
and in this study the focus will only be on the end ring impedance calculation. Figure
5.4 shows the external circuits which were employed to represent the squirrel cage
rotor, with one considers the end ring impedance as a resistance and an inductance
and the other one neglects the inductance. Furthermore, Fig 5.5 shows a 3D view of

an end ring.
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Fig 5. 4 External circuits representing the cage rotor (i) end ring consist of

resistance and inductance (ii) end ring consist of resistance.
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Fig 5. 5 end ring (3D view)

Impedance of the end ring can add a considerable amount to the total impedance of
the rotor and may affect the PMECCs performance [42]. Nevertheless, the
inductance of an end ring is sometimes ignored and only a simple resistance is used
instead to represent the total impedance of the rotor [41]. Therefore, and in the
following in order to examine the influence of end-ring’s impedance on the PMECCs
performance, the calculation of end ring impedance is completed and a comparison
between 2D results and 3D predictions are presented. In order to calculate the
resistance and inductance of an end ring, two equations are used, and for the reason
of simplicity the end ring cross section is assumed to be square and equals to the bar

cross section area. Therefore, the end-ring resistance is given by:

Re=px*l/A (5.1)
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Moreover, the end ring inductance can be found by applying Trickey’s equation and

the inductance of one segment of an end ring can be calculated as [43]:

Le =1 (5 ) (emhe) (5.2)

Where

emr

Ae = 0.365 log(3m 4 (en+ewm)

) (5.3)

5.2.1  Squirrel cage rotor with 17 bars

This section concentrates on single sided squirrel cage PMECCSs rotor with 17 bars.
A 2D finite element design is completed and an external circuit is modelled and
added to the simulation to study the influence of an end ring on the PMECCs
performance with different slot depth and conductive material and compared to a 3-
dimensional solution result. Figure 5.6 shows a single sided PMECCs cage rotor with

17 bars. Table 5.1 shows the parameters of the studied end ring.
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Fig 5. 6 Single sided PMECCs cage rotor with 17 bars

Furthermore, Figure 5.7 shows the variation of transmitted torque with relative speed
using 2D and 3D finite element for a copper squirrel cage. Figure 5.8 shows the
variation of transmitted torque with relative speed of the same PMECCs, however
the squirrel cage rotor material is now changed to aluminium. It can be seen that the
2D predictions for both copper and aluminium squirrel cage rotors are slightly higher
than 3D predictions, whilst adding the inductance to the end-ring impedance has an
insignificant effect on the predicted 2D torque. This is due to the method adopted to
calculate the end ring resistance and inductance which mainly consider the
geometrical dimensions of the end ring without taking into account of the complexity
of the magnetic field distribution around the end ring . Nevertheless, there is
agreement between 2D and 3D in the prediction of the relative speed corresponding

to the maximum transmitted torque.
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Table 5. 1 Single sided PMECC end ring parameters

End ring

Value / type

Height = slot depth (€h)

11 mm/ 15 mm

Cross section area (A)

75.8 mm? /131.3 mm?

Mean radius (Emr)

50 mm/48.5 mm

Thickness (Eth) 5 mm

Number of bars (Nr) 17

Conductive material Cu/Alu
Cu=17%x10"8 | Alu=265x10"8

Material resistivity (p)
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5.3 Double sided PMECCs with Squirrel cage rotor

5.3.1 Squirrel cage rotor with 17 bars

This part of this chapter studies double sided squirrel cage PMECCs. Figure 5.9
shows a cross section of a double sided PMECCs equipped with a squirrel cage rotor.
It consists of two rotors, one has permanent magnets fitted on inner and outer back
iron, and a rotor which consists of a squirrel cage made of conductive material and
pole-pieces located between the bars. Fig 5.10 shows 2D and 3D view of the

PMECCs.

Squirrel Cage rotor Permanent magnets rotors

Steel pieces h ) Air gaps

Fig 5. 9 Cross section of double sided PMECCs
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(i) 2D (i) 3D

Fig 5. 10 Double sided PMECCs equipped with squirrel cage rotor

Similarly, a 2D finite element design is completed and an external circuit is
developed and linked to the simulation to study the influence of end ring on the
PMECCs performance for different slot depth and conductive material and compared
to a 3D predictions. Figure 5.11 show the double sided PMECCs cage rotor, and

Table 5.2 shows the parameters of the studied PMECCs.

Fig 5. 11 Double sided PMECC cage rotor with 17 bars
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Table 5. 2 Double sided PMECC end ring parameters

End ring Value / type
Height = slot depth (€n) 9.2 mm/13.4 mm
Cross section area (4) 92.48 mm? / 129.51 mm?
Mean radius (e€mr) 544 mm/ 52.3 mm
Thickness (eth) 5 mm
Number of bars (Nr) 17
Conductive material Cu/Alu
Material resistivity (p) Cu=17x10"8 [ Alu=2.65x 1078

Figure 5.12 shows the variation of transmitted torque with relative speed using 2D
and 3D finite element with copper squirrel cage and with different slot depth. While,
Figure 5.13 shows the variation of transmitted torque with relative speed of the same
PMECCs but with an aluminium squirrel cage rotor. Similarly, for 2D results can be
seen that more torque is predicted. Furthermore, in contrast to the single sided
PMECCs, adding the end ring inductance results in predicted results closer to 3D
finite element. Also, it can be seen in this double sided PMECC and as a result of
having two airgaps, The result of 2D simulation and between end ring containing
resistance only and when inductance is added to the total impedance of the endring
may explain the difference between 2D single and double sided topologies results.
On the other hand, it can be viewed that 3D predictions are still less than 2D

predictions due to 3D simulation effects.

126



160

=
I
=

g

Transmitted Torque (Nm)
=
=
=

e 1D Zevo Impedance
=====1]) Resistance only
50
w3 1) Resistance and
Inductance
al — 3D
40
100 200 300 400 500 600 700 800
Eelative Speed (rpm)
(@) 9.2 mm slot depth
135
120
£}
&
S
E 105
~ w10 Zero Impedance
o
£ .
a 90 e 1D Resistance only
g
& e 2D Resistance and
Inductance
75
e 3T}
60
100 200 300 400 500

Eelative Speed (rpm)

(b) 13.4 mm slot depth
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5.4 Summary

In this chapter a comparison between radial 2D and 3D finite element predictions of

the torque slip-speed curves of single- and double-sided squirrel cage is undertaken.
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As squirrel cage rotor is a major component of the PMECCs and end-ring impedance
of the cage rotor contributes to the total impedance of the cage, its representation is
considered. Therefore, in 2D simulations an external circuit should be added, and an
estimation of the end ring impedance is required. In order to have a better insight of
the squirrel cage end ring impedance influence on the PMECCs torque and speed
characteristics, two assumptions are considered. First one is that a simple resistance
represents the end ring impedance, and the second assumption is to have resistance
and inductance to represent the total impedance of the end-ring. It is shown that in
circuit-coupled 2D simulations, and the predicted torque slip-speed characteristic is
closer to 3D predictions, when compared with the characteristic neglecting the end-
ring impedance. It has also been noticed that for single-sided PMECCs, the effect of

the end-ring inductance is less significant than the resistance.
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Chapter 6

Experimental validation

6.1 Introduction

In this chapter the manufacturing and assembly process of the different components
of a single-sided squirrel cage PMECC are presented. Furthermore, tests on the
prototype are undertaken and results are compared with predictions and discussed

with respect to temperature effects.

6.2 Prototype Squirrel Cage PMECC

The 3D exploded view of the Squirrel Cage PMECC prototype is shown in Fig. 6.1.
For the purpose of testing and validation as well as the determination of the variation
of the transmitted torque with slip speed, only one rotor is required to rotate, while
the other rotor can be made to be part of the stator, i.e. fixed to the stator. This would
greatly simplify the manufacture of the prototype, nevertheless, a decision was made
to design and manufacture a 2-rotor coupling in order to have a feel of the

manufacturing steps/difficulties required to achieve it.
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Bearings

inner rotor

Outer rotor back iron

Squirrel cage

Solid steel core

outer rotor shaft

outer rotor end caps Radially magnetised PM

Fig 6. 1 3d exploded view of the SC PMEEC prototype.

6.2.1  Inner Squirrel Cage rotor

The inner rotor of the PMECC is shown in Fig 6.2. It consists of:
e A copper cage with 17 bars.
e Asolid steel core with 17 teeth.
e shaft

In order to avoid the contact issues associated with brazing copper rings to the copper
bars, the Squirrel cage is manufactured from a solid piece of copper, and slots, where
the steel teeth would be inserted are CNC machined. This enables perfect electrical
contact between the bars and the rings, see Figs 6.3 and 6.4. Furthermore, since eddy
currents induced in a solid steel core, will actually improve the torque transmission
capability of the coupling, and for the simplicity of manufacturing the teeth and the

back-iron of the Squirrel Cage rotor are manufactured from solid mild steel.
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Furthermore, replacing the laminated core to solid could result in slight improved in
the torque slip-speed characteristic. However, this affect would be practically
negligible due significantly larger electrical resistivity of the steel and compared to
that of copper or aluminium conductor. Additionally, Each tooth is fixed to the back-

iron using two bolts, as can be seen in Fig. 6.3 and 6.4.

Squirrel cage

Solid steel core

Bearings

Fig 6. 2 Inner rotor of the PMECC prototype.
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Fig 6. 3 Expanded view for inner rotor of the PMECC prototype.
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Outer Radial length= 112.5 mm Inner Radial length= 76.6 mm

Bar length = 60 mm

Slot width= 10.5 mm

| Solid steel core Bolts tapped holes

Fig 6. 4 Inner Squirrel Cage rotor of the PMECC prototype during assembly.
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6.2.2 Outer PM rotor

The outer rotor part of the PMECC is shown in Fig. 6.5 and it consists of:

e asolid steel back-iron

e 14 permanent magnets poles, assembled using rectangular permanent
magnet pieces.

e end caps

e shaft

For simplicity of manufacturing, rectangular-shaped permanent magnets grade
(NdFeB 38) are selected and placed on the solid steel back-iron forming the outer rotor
of the coupling. Fig. 6.5 shows the outer rotor with magnets and Fig. 6.6 shows

expanded view of the Squirrel cage PMECC.
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Outer rotor end cap

Outer rotor back iron

Radially magnetised PM

Fig 6. 5 Outer rotor with magnets of the PMECC prototype
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Radially magnetised PM

inner rotor shaft

Fig 6. 6 Expanded view of the SC PMECC.

6.2.3  Experimental results and validations

The torque slip-speed characteristic of the coupling is measured using the set-up
shown in Fig. 6.7. It includes, dynamometer used as variable speed drive and a
torque transducer. During the testing, the outer rotor is locked, using a special
bracket to stop it from rotating with respect to the case. Thus, the input speed to
the coupling is now also the slip speed between the rotors. Fig. 6.7 shows the test
rig of the PMECC, whilst Figs. 6.8 and 6.9 show how the outer rotor is fixed to

the rotor and the dynamometer control panel, respectively.
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Fig 6. 7 Test rig of the PMECC.

housing

Fig 6. 8 Interlock of the outer rotor.

Outer rotor Interlock

Dynamometer
(driver)
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Fig 6. 9 Dynamometer control panel.

Since the resistivity of the Squirrel Cage material has a significant effect on the
torque slip-speed characteristic of the PMECC, and due to a large amount of eddy
currents induced in the cage and caused by interaction between the two rotors, the
temperature of the PMECC rises and leads to an increase in resistivity of the
conductive materials of the cage. Therefore, in order to produce test results which
can be reliably compared to predictions, the test points have to be taken at a specific
temperature. Therefore, each test point is undertaken from cold, and about 2-hour
cool down period is left between consecutive test points, in order to ensure that
temperature in the device is close to the ambient laboratory temperature. Fig. 6.10
compares the measured and predicted transmitted torques with relative speed of the

coupling at room temperature. It can be seen, that good agreement exists between
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measured and predicted results. It can also be seen, that for this particular coupling

the speed at which the maximum torque occurs is oL = 100 rpm, which is conductive

to higher efficiency and more precise torque transmission. On the other hand, if
temperature rise of the cage is neglected, and is allowed to rise, Fig 6.11 compares
the measured torques, without consideration to temperature and 3D predicted torque
at room temperature. It can be clearly seen, temperature has a significant effect on
relative speed, and that if temperature is not appropriately monitored, comparison

with predictions would not be useful.
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Fig 6. 10 Measured and predicted torque vs relative speed at room temperature

141



¥ ]
L1

2
.
»
.
.

748
Zz .
2 40
B
5 35 L
[
EED
225 L
2 Predicted
= 20
Measored
15
L ]
10
20 40 60 80 100 120 140 160 180 200

Relative Speed (rpm)

Fig 6. 11 Measured and predicted torque vs relative speed at high temperature.

Additionally, PM are placed on the outer rotor of the coupling to be away from the
heat generated from copper due to eddy currents flow. Therefore, the permanent
magnets properties will not be affected by heat. Furthermore, In order to better
understand the effects of temperature due to eddy currents in squirrel cage on the
coupling performance, Fig 6.12 shows the variation of the predicted transmitted
torques with relative speed of the coupling at different temperatures. It can be seen
that temperature of the cage has a negligible effect on the maximum transmitted
torque, while having a significant effect on the speed at which the maximum torque
occurs, as can also be seen in Figs 6.13 and 6.14 which show the variation of the
maximum transmitted torque and the corresponding relative speed, a, with

temperature.
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Fig 6. 13 Variation of maximum transmitted torque with temperature with copper
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Fig 6. 14 Variation of relative speed with temperature with copper cage.

Similarly, for an Aluminium cage, Fig 6.15 shows the variation of the predicted
transmitted torques with relative speed of the coupling at different temperatures.
It can be seen that temperature of the cage has a negligible effect on the maximum
transmitted torque, while having a significant effect on the speed at which the
maximum torque occurs, as can also be seen in Figs 6.16 and 6.17 which show
the variation of the maximum transmitted torque and corresponding speed o with

temperature.
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In addition, in order to understand the extent of the temperature rise in the copper
cage, a test is undertaken, whereby the coupling is run at a constant speed of 40 rpm
and the transmitted torque is monitored and recorded every 3 minutes, up to
maximum time of 160 min. Fig 6.18 shows the variation of transmitted torque with
time, whilst Fig. 6.19 shows the variation of the estimated temperature of the cage.
The temperature of the cage is estimated by varying the resistivity of the squirrel
cage in the finite element model, until the predicted torque matches the measured
torque. It can be seen, that at 40rpm, which is located at the resistance limited section
of the torque slip-speed curve, temperature rise has a significant effect on the

transmitted torque.
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6.3 Summary

In this chapter, the manufacturing steps for the squirrel cage PMECC are
described, and a prototype is tested. In order, to eliminate contact issues between
the bars and the rings, the squirrel cage has been machined from a solid block of
copper, whilst the teeth are made from solid mild steel and fixed to the back-iron
using high strength bolts. It has been shown that good agreement exists between
measured and 3D-FEA predicted transmitted torque at room temperature. It has
also been shown that temperature rise has a negligible effect on the maximum
transmitted torque, while having a significant effect on the slip speed it occurs.
Furthermore, when operated continuously, such as during the 40rpm slip-speed
test, squirrel cage temperatures in excess of 200°C can be reached, however, this

is well within the operating temperatures of the materials of the squirrel cage rotor.
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Chapter 7

Conclusion and future work

In this thesis an investigation into the design and analysis of PMECC devices for the
use of electric vehicle as a limited slip-differentials as well as power transmission
are introduced. The examined models includes radial and axial single- and double-
sided topologies. Various parameters of the PMECCs are analysed, these include
conductive rotor structures, mainly a squirrel cage and sheet rotor type, permanent
magnets thickness, conductive rotor material, squirrel cage PMECCs pole/ slot
combinations, and finally the thickness of the conductive sheet rotor. Due to the
geometry of the various topologies, 3D has been the main technique employed for
the determination of torque and slip-speed characteristics of the different design of
the PMECCSs. However, a comparison between 2D and 3D designs predictions is
also undertaken for radial-field single- and double-sided squirrel cage PMECC:s,
where it has been shown that circuit coupled 2D finite element analysis can be
employed to approximate the value of the end ring impedance. Furthermore, it has
been shown that improvement in efficiency can be realized by reducing the resistance
of the conductor without significantly reducing the PM air gap field. This can be
realized by employing the squirrel cage which enable reduction in the conductor
resistance through an increase in slot depth without significantly reducing the PM air
gap field. Especially, when the conductor rotor is internal in radial field topologies
where an increase in slot depth does not lead to an increase in PMECC size. In

contrast, for PMECC using conductor sheet a reduction in a conductor resistance

149



through increasing the sheet thickness always leads to decrease in the PM air gap

flux due to an increase in the effective air gap.

For LSD applications in electrical vehicles, it has been shown that for the particular
vehicle investigated, PMECC energy efficiency in excess of 99% can be achieved
over the NEDC driving cycle, if the slip-speed corresponding to the maximum
transmitted torque is kept below 100rpm. Furthermore, different drivetrain
topologies have been proposed, where the LSD using PMECC could be a good
candidate. and a variety of potential drivetrains configuration for the Hybrid /Electric
vehicle and electrical machine where PMECCs can be employed as a limited slip-

differential are proposed.

Moreover, a single- sided radial PMECCs fitted with 14 poles and a copper squirrel
cage rotor containing 17 slots is selected and manufactured. The steps of the
assembly are explained, and the prototype is tested. . Results have shown that at
room temperature there is a good agreement between measured and 3D-FEA
predicted transmitted torque. However, it was also highlighted that care should be
taken in terms avoiding the effects of the cage temperature rise, which affects the
torque slip-speed characteristic. It has been confirmed that temperature rise has a
negligible effect on the maximum transmitted torque, whilst having a major impact

on the corresponding slip speed.

For future investigation, some recommendations could be proposed as follows:

1- Investigation of the performance of the radial field electrically excited eddy
current couplings topology (EMECCs), in terms of mass and/or cost of active
materials and efficiency over a driving cycle, and temperature effect on the

magnets and conductive materials.
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2- Investigation of the performance of transverse flux eddy current coupling

topologies, both PM and coil excited.

3- Experimental investigation of the PMECCs with different load conditions.
4- Investigation of different squirrel cage rotor slots shapes on PMECCs

performance.
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