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Abstract  

Considerable research efforts are being carried out worldwide to develop technologies 

which meet the increasing demand for the efficient utilisation of energy resources. 

Modern applications, such as renewable energy and electrical vehicles, place a premium 

on electro-mechanical energy conversion in a power dense and high efficiency manner. 

Magnetic gears (MG) and magnetically geared machines, offer an attractive alternative 

to existing systems which may favour the combination of a high speed electrical 

machine with a mechanical gearbox.  

This has led to the opportunity to use Pseudo Direct Drives (PDDs) and MGs to be 

developed for use on an industrial scale. Therefore, in this thesis techniques for 

facilitating the manufacture and robustness of PDDs are presented, for both radial and 

axial field topologies. This includes use of alternative windings and soft magnetic 

composites.  

PDDs and MGs has so far mainly been developed in the radial topology and little 

attention has been given to axial topologies. The pole piece (PP) rotor required for MG 

operation, represents the main difference between PDD/MG and a conventional 

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

investigated both in terms of electromagnetic and mechanical performance.  

Furthermore, detailed electromagnetic and thermal design and analysis of an axial field 

PDD (AFPDD) with improved robustness was undertaken, and a prototype was 

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

  



 

II  

 

List of Publications  

Journal Papers from the Thesis 

¶ G. Cooke; K. Atallah, "óPseudoô Direct Drive Electrical machines with 

alternative winding configurations," in IEEE Transactions on Magnetics, vol. 53, 

no. 11, pp. 1-8, Nov. 2017 

 

¶ G. Cooke; K. Atallah, "Axial field óPseudoô Direct Drive electrical machines,"       

To be submitted to IEEE Transactions on Energy Conversion 

 

 

 

Other Journal Papers 

¶ A. Penzkofer, G. Cooke, M. Odavic and K. Atallah, "Coil Excited Pseudo Direct 

Drive Electrical Machines," in IEEE Transactions on Magnetics, vol. 53, no. 1, 

pp. 1-11, Jan. 2017 

 

¶ H. Harrison, G. Cooke,  D. A. Hewitt, D. A. Stone, J. E. Green, ñMagnetic 

Tomography for Lead Acid Batteries,ò in Journal of Energy Storage, vol. 12, pp. 

1-10, Aug. 2017 

  



 

III  

 

Acknowledgements  

I would like to express my sincere thanks to Professor Kais Atallah for his 

continuous guidance, encouragement and advice during the course of this 

research. I would also like to thank my colleagues in the Electrical Machines and 

Drives group for their knowledge, advice and friendship. 

I gratefully acknowledge the financial support provided by Electrical and 

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

out under the European Unionôs Seventh Framework Programme. I would also 

like to thank Magnomatics Ltd for their sponsorship and technical support 

during the course of this PhD. Additionally I would like to thank Radu Stefan 

Dragan for his insight and assistance. Special thanks are also due to the technical 

staff of the Electrical Machines and Drives group for their help during the 

manufacture of a prototype electrical machine.  

I am grateful to my Mum, Dad, Brother and family for their unquestioning love 

and support throughout my life. Finally, I would like to thank my wife Kelly for 

her love, support and understanding in the course of writing this thesis. 

 

  



 

IV  

 

Table of Contents  

 

Abstract  ...................................................................................................................... I  

List of Publications......................................................................................................... II  

Acknowledgements....................................................................................................... III  

Table of Contents .......................................................................................................... IV  

Figure and Table List ................................................................................................... VI  

Nomenclature ............................................................................................................. XIV  

Chapter 1 Introduction  ................................................................................................ 1 

1.1. Motivation ............................................................................................................... 1 

1.2. Trends in AC Machines and Materials .................................................................... 2 

1.3. Magnetic Gears and Magnetically Geared Machines .............................................. 7 

1.4. Magnetic Gears Principle of Operation ................................................................. 14 

1.5. Modelling Techniques ........................................................................................... 15 

1.6. Thesis Outline ....................................................................................................... 17 

1.7. References ............................................................................................................. 19 

Chapter 2 óPseudoô Direct Drive Electrical machines with alternative 
winding configurations ............................................................................ 25 

2.1. Proposed óPseudoô Direct Drive Machine ............................................................. 27 

2.2. Simulation Studies ................................................................................................ 32 

2.3. Forces on the Pole Piece Rotor ............................................................................. 43 

2.4. Conclusion ............................................................................................................ 51 

2.5. References ............................................................................................................. 52 

Chapter 3 Electromagnetic design of an Axial Magnetic Gear ............................. 53 

3.1. Axial Magnetic Gear Sizing .................................................................................. 54 

3.2. Modelling Axial Magnetic Gears .......................................................................... 55 

3.3. Axial Magnetic Gear Optimisation ....................................................................... 59 

3.4. Axial Pole Piece Rotor Topology ......................................................................... 71 

3.5. Conclusions ........................................................................................................... 82 

3.6. References ............................................................................................................. 84 

Chapter 4 Mechanical design of an Axial Magnetic Gear ..................................... 85 

4.1. Forces on Pole Piece Rotor ................................................................................... 87 

4.2. Reduction of Force via PP Design ........................................................................ 95 

4.3. Reduction of Force via Assembly Method .......................................................... 118 

4.4. Conclusions ......................................................................................................... 119 

4.6. References ........................................................................................................... 121 

Chapter 5 Electromagnetic and Thermal Performance of an Axial Field 

Pseudo Direct Drive ............................................................................... 122 

5.1. Electromagnetic Performance ............................................................................. 124 



 

V 

 

5.2. Thermal Performance .......................................................................................... 143 

5.3. Conclusions ......................................................................................................... 154 

5.4. References ........................................................................................................... 156 

Chapter 6 Manufacture and Testing of an Axial Field Pseudo Direct Drive ..... 158 

6.1. Stator Assembly ................................................................................................... 160 

6.2. Rotors Assembly.................................................................................................. 168 

6.3. High Speed Rotor ................................................................................................ 169 

6.4. Pole Piece Rotor .................................................................................................. 175 

6.5. Casing .................................................................................................................. 178 

6.6. Testing ................................................................................................................. 179 

6.7. Conclusions ......................................................................................................... 192 

6.8. References ........................................................................................................... 194 

Chapter 7 Conclusions ............................................................................................. 129 

Appendix  ................................................................................................................. 199 

Appendix I. Material Properties .............................................................................................. 199 

Appendix II. Manufacturing Drawings ..................................................................................... 200 

  



 

VI  

 

Figure and Table L ist  

 

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

Axial machine .............................................................................................. 3 

Figure 1.2 Variation of interest in PM machines with time .............................................. 4 

Figure 1.3 Variation of magnetic materials energy product with time ............................. 5 

Figure 1.4 Variation of flux density with magnetic field strength (soft magnetic 

materials) ..................................................................................................... 6 

Figure 1.5 Halbach oriented magnet array ...................................................................... 7 

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

coupling ....................................................................................................... 8 

Figure 1.7 Coaxial magnetic gear topology...................................................................... 9 

Figure 1.8 Linear magnetic gear topology ...................................................................... 11 

Figure 1.9 Axial magnetic gear topology ........................................................................ 12 

Figure 1.10 óPseudoô direct-drive topology .................................................................... 13 

Figure 1.11 Thesis structure............................................................................................ 18 

Figure 2.1 Conventional concentrated winding and stationary magnet array ............... 26 

Figure 2.2 Proposed realisation of PM magnet array and alternative winding 

with a) kcon = 1 and b) kcon = 2 .................................................................. 28 

Figure 2.3 Possible winding for machine with ph = 2, nS =11, pl = 9 (shown in 

Figure 2.2(a)) ............................................................................................ 30 

Figure 2.4 FEA procedure a) Geometry b) Meshing c) Physics d) Solving .................... 31 

Figure 2.5 PDD Meshing procedure ............................................................................... 32 

Figure 2.6 Variation of pull-out torque with gear ratio for HSR pole numbers ............. 34 

Figure 2.7 Harmonic spectra of radial flux density resulting from the stationary 

magnet array, pl=23 in the airgap adjacent to the HSR, ph=2 ................. 34 

Figure 2.8 Harmonic spectra of radial flux density resulting from the stationary 

magnet array, pl=27 in the airgap adjacent to the HSR, ph=4 ................. 35 

Figure 2.9 Variation of shear stress at pull-out torque with the ratio of angular 

slot opening to slot pitch ............................................................................ 35 

Figure 2.10 Variation of shear stress at pull-out torque with the ratio of 

angular slot opening to slot pitch for kcon > 1 ........................................... 36 

Figure 2.11 Variation of Required active length with the ratio of angular slot 

opening to slot pitch when kcon =1 ........................................................... 37 

Figure 2.12 Variation of Required active length with the ratio of angular slot 

opening to slot pitch when kcon >1 ........................................................... 37 

Figure 2.13 Variation of Efficiency with the ratio of angular slot opening to 

slot pitch when kcon =1 at rated power, as in [2.1].................................. 38 



 

VII  

 

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

slot pitch when kcon >1 at rated power, as in [2.1] .................................. 38 

Figure 2.15 Variation of potential output power with PPR at 500rpm, as in 

[2.1]  ........................................................................................................... 39 

Figure 2.16 Variation of Efficiency with the ratio of angular slot opening to 

slot pitch when kcon = 1 (Maximum output power) .................................... 40 

Figure 2.17 Variation of Efficiency with the ratio of angular slot opening to 

slot pitch when kcon > 1 1 (Maximum output power) ................................. 40 

Figure 2.18 Variation of the radial force (per pole piece) with PPR angular 

position at rated load ................................................................................. 45 

Figure 2.19 Variation of the circumferential force (per pole piece) with PPR 

angular position at rated load ................................................................... 45 

Figure 2.20 Harmonic spectra of radial force profile (per pole piece) at rated 

load ............................................................................................................ 46 

Figure 2.21 Harmonic spectra of the circumferential force profile (per pole-

piece) at rated load .................................................................................... 46 

Figure 2.22 Variation of total PPR forces at rated load ................................................. 47 

Figure 2.23 Variation of the radial force (per pole piece) with PPR angular 

position at no load ..................................................................................... 48 

Figure 2.24 Variation of the circumferential force (per pole piece) with PPR 

angular position at no load ........................................................................ 48 

Figure 2.25 Harmonic spectra of the radial force profile (per pole-piece) at no 

load ............................................................................................................ 49 

Figure 2.26 Harmonic spectra of the circumferential force profile (per pole-

piece) at no load ........................................................................................ 50 

Figure 2.27 Variation of total PPR forces at no load ..................................................... 50 

Figure 3.1 Axial magnetic gear structure ....................................................................... 54 

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

radius, ɚ ..................................................................................................... 55 

Figure 3.3 Flux in a pole piece rotor extended to the Z-axis .......................................... 56 

Figure 3.4 Variation of shear stress across magnet surface of AMG ............................. 58 

Figure 3.5 Leakage flux density (radial) within pole pieces ........................................... 58 

Figure 3.6 Variation of torque with PP thickness and magnet volume ........................... 61 

Figure 3.7 Variation of torque and shear stress with air gap length .............................. 62 

Figure 3.8 Net force on PPR with air gap length ............................................................ 63 

Figure 3.9 Variation of torque and shear stress with asymmetric air gap 

distribution ................................................................................................. 64 

Figure 3.10 Variation of transmitted torque with ɚ (Magnet Volume 2x10
5
mm

3
) .......... 65 

Figure 3.11 Variation of shear stress with ɚ (Magnet Volume 2x10
5
mm

3
) ..................... 65 

Figure 3.12 Variation of torque and shear stress with magnet distribution 

(Magnet volume 2x10
5
mm

3
) ....................................................................... 66 



 

VIII  

 

Figure 3.13 Variation of torque and shear stress with magnet distribution 

(Magnet volume 4x10
5
mm

3
) ....................................................................... 67 

Figure 3.14 Variation of torque and shear stress with magnet distribution 

(Magnet volume 6x10
5
mm

3
) ....................................................................... 67 

Figure 3.15 Variation of torque per magnet volume with magnet distribution 

(Magnet volume 2x10
5
mm

3
) ....................................................................... 68 

Figure 3.16 Variation of torque per magnet volume with magnet distribution 

(Magnet volume 4x10
5
mm

3
) ....................................................................... 68 

Figure 3.17 Variation of torque per magnet volume with magnet distribution 

(Magnet volume 6x10
5
mm

3
) ....................................................................... 69 

Figure 3.18 Variation of torque with and magnet volume for different values of 

ɚ (ph=4, ns=25) .......................................................................................... 70 

Figure 3.19 Variation of shear stress and magnet volume for different values of 

ɚ (ph=4, ns=25) .......................................................................................... 70 

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

ferromagnetic material .............................................................................. 72 

Figure 3.21 Design 2 pole piece ...................................................................................... 73 

Figure 3.22 Variation of torque and shear stress with the ratio of air to 

ferromagnetic material .............................................................................. 73 

Figure 3.23 Harmonic spectra of Bɗ at different radial positions. (Design 2 PP) .......... 74 

Figure 3.24 Harmonic spectra of Bz at different radial positions. (Design 2 PP) .......... 75 

Figure 3.25 Harmonic spectra of Br at different radial positions. (Design 2 PP) .......... 76 

Figure 3.26 Design 3 pole piece where li/lo is a) <1, b) =1 and c) > 1 .......................... 77 

Figure 3.27 Variation of torque with ratio li/lo. (Design 3 PP) ...................................... 77 

Figure 3.28 Variation of shear stress with ratio li/lo.(Design 3 PP) ............................... 78 

Figure 3.29 Variation of electromagnetic force per PP, Fz with ratio li/lo 

.(Design 3 PP) ........................................................................................... 78 

Figure 3.30 Design 4 pole piece with a) Single Flux Barrier and b) Dual Flux 

Barrier ....................................................................................................... 79 

Figure 3.31 Variation of torque and shear stress with a single flux barrier 

(Design 4 PP) ............................................................................................ 80 

Figure 3.32 Harmonic spectra of Br at different radial positions. (Design 4 PP) .......... 80 

Figure 3.33 Variation of torque and shear stress with a dual flux barrier 

(Design 4 PP) ............................................................................................ 81 

Figure 4.1 Proposed PP shapes and associated support structures [4.1] ...................... 85 

Figure 4.2 Proposed PP shapes and PPR structures [4.2] ............................................. 86 

Figure 4.3 Flowchart of PPR structure analysis............................................................. 88 

Figure 4.4 Ansys analysis a) Geometry connection b) Mesh c) Static loading d) 

Solution ...................................................................................................... 89 

Figure 4.5 Variation of axial force on a PP with air gap length and ⱦ (during 

assembly) ................................................................................................... 90 



 

IX  

 

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

(during assembly) ...................................................................................... 90 

Figure 4.7 Variation of deformation on a PP with air gap length and ⱦ (during 

assembly) ................................................................................................... 91 

Figure 4.8 Ansys analysis of normal operation PP forces a) Static loading b) 

Stress Analysis ........................................................................................... 92 

Figure 4.9 Variation of torque with the ratio of inner to outer radius (during 

normal operation) ...................................................................................... 93 

Figure 4.10 Variation of peak EM axial force on a PP with the ratio of inner to 

outer radius (during normal operation) .................................................... 93 

Figure 4.11 Variation of peak Von Mises stress in a PP with the ratio of inner 

to outer radius (during normal operation) ................................................ 94 

Figure 4.12 Variation of deformation in a PP with the ratio of inner to outer 

radius (during normal operation) .............................................................. 94 

Figure 4.13 Typical pole piece design............................................................................. 96 

Figure 4.14 Variation of force on a PP with its axial thickness (Design 1 PP).............. 96 

Figure 4.15 Variation of Von Mises stress on a PP with its axial thickness 

(Ansys result) (Design 1 PP) ..................................................................... 97 

Figure 4.16 Variation of deformation on a PP with its axial thickness (Ansys 

result) (Design 1 PP) ................................................................................. 97 

Figure 4.17 Variation of PPR torque transmission with PP axial thickness 

(Design 1 PP) ............................................................................................. 98 

Figure 4.18 Variation of Von Mises stress with PP axial thickness (Analytical 

result) (Design 1 PP) ................................................................................. 99 

Figure 4.19 Variation of deformation with PP axial thickness (Analytical 

result) (Design 1 PP) ................................................................................. 99 

Figure 4.20 Design 2 - PPR with outer ring ................................................................. 100 

Figure 4.21 Ansys analysis a) Constraints b) Stress analysis (Design 2 PP) ............... 101 

Figure 4.22 Variation of Von Mises stress with PP thickness (Design 2 PP) ............... 102 

Figure 4.23 Variation of deformation with PP thickness (Design 2 PP) ...................... 102 

Figure 4.24 Design 3 ï a) Typical PPR and b) Supported PPs c) Ansys 

constraints d) Stress distribution ............................................................. 104 

Figure 4.25 Variation of Von Mises stress with PP support percentage (Design 

3 PP) ........................................................................................................ 105 

Figure 4.26 Variation of deformation with PP support percentage (Design 3 

PP) ........................................................................................................... 105 

Figure 4.27 Design 4 a) Supported PP with outer ring b) Stress distribution .............. 106 

Figure 4.28 Variation of Von Mises stress with outer ring thickness (Design 4) ......... 107 

Figure 4.29 Variation of deformation with outer ring thickness (Design 4) ................. 107 

Figure 4.30 Design 5 pole piece with li/lo is a) <1, b) =1 and c) > 1 ........................... 108 

Figure 4.31 Design 5 a) PP constraints b) Mesh c) Static loading d) Stress 

analysis .................................................................................................... 108 



 

X 

 

Figure 4.32 Variation of torque with ratio li/lo. (Design 5 PP) .................................... 109 

Figure 4.33 Variation of shear stress with ratio li/lo. (Design 5 PP) ............................ 109 

Figure 4.34 Variation of Von Mises stress with ratio li/lo. (Design 5 PP) .................... 110 

Figure 4.35 Variation of deformation with ratio li/lo. (Design 5 PP) ........................... 110 

Figure 4.36 Design 6ï Cylindrical pole piece .............................................................. 111 

Figure 4.37 Variation of torque with cylindrical PP axial thickness (Design 6 

PP) ........................................................................................................... 112 

Figure 4.38 Variation of force with cylindrical PP axial thickness (Design 6 

PP) ........................................................................................................... 112 

Figure 4.39 Cylindrical PP stress analysis (Design 6 PP) ........................................... 113 

Figure 4.40 Variation of Von Mises stress with cylindrical PP axial thickness 

(Design 6 PP) .......................................................................................... 113 

Figure 4.41 Variation of deformation with cylindrical PP axial thickness 

(Design 6 PP) .......................................................................................... 114 

Figure 4.42 Comparison of axial force on cylindrical and trapezoidal PP in an 

AMG ......................................................................................................... 115 

Figure 4.43 Comparison of axial force harmonics on cylindrical and 

trapezoidal PP in an AMG ...................................................................... 115 

Figure 4.44 Comparison of radial force on cylindrical and trapezoidal PP in a 

CMG ........................................................................................................ 116 

Figure 4.45 Comparison of radial force harmonics on cylindrical and 

trapezoidal PP in a CMG ........................................................................ 116 

Figure 4.46 Reinforced PP a) Trapezoidal b) Cylindrical (Design 7 PP) .................... 117 

Figure 4.47 Spoked pole piece rotor (Design 8 PP) ..................................................... 118 

Figure 4.48 A PP assembly method .............................................................................. 118 

Figure 4.49 Variation of axial force on cylindrical pole pieces (with radial 

insertion) .................................................................................................. 119 

Figure 5.1 Axial field pseudo direct drive structures (AFPDD) a) -111, b)-122 

and c)-212 ................................................................................................ 124 

Figure 5.2 Modelling an axial field PDD a) FEA meshed model b) Isometric 

half model view ........................................................................................ 125 

Figure 5.3 Variation of pull-out torque with stator magnet thickness in AFPDD 

with trapezoidal PP and for different HSR magnet thicknesses. ............. 127 

Figure 5.4 Variation of B1 at stator surface with stator magnet thickness in 

AFPDD with trapezoidal PP and for different HSR magnet 

thicknesses. .............................................................................................. 127 

Figure 5.5 Variation of electric loading with stator magnet thickness in 

AFPDD with trapezoidal PP and for different HSR magnet 

thicknesses. .............................................................................................. 128 

Figure 5.6 Variation of T/MV with stator magnet thickness in AFPDD with 

trapezoidal PP and for different HSR magnet thicknesses. ..................... 128 



 

XI  

 

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

trapezoidal PP and for different HSR magnet thicknesses. ..................... 129 

Figure 5.8 Variation of torque with PP thickness in AFPDD with cylindrical 

PPs ........................................................................................................... 130 

Figure 5.9 Variation of Bfund with PP thickness in AFPDD with cylindrical PPs ........ 131 

Figure 5.10 Variation of electric loading with PP thickness in AFPDD with 

cylindrical PPs ......................................................................................... 131 

Figure 5.11 Variation of T/MV with PP thickness in AFPDD with cylindrical 

PPs ........................................................................................................... 132 

Figure 5.12 Variation of T/AV with PP Thickness in AFPDD with cylindrical 

PPs ........................................................................................................... 132 

Figure 5.13 Axial Coil Geometry for a concentric winding .......................................... 133 

Figure 5.14 HSR magnet eddy current plot a) Single segment per magnet pole 

b) Multiple segments per magnet pole ..................................................... 137 

Figure 5.15 Variation of magnet eddy current loss with HSR magnet 

segmentation (PPR speed = 1120rpm) .................................................... 137 

Figure 5.16 Variation of efficiency with slot axial length at different PPR 

speeds ....................................................................................................... 139 

Figure 5.17 Variation of loss with slot length (PPR speed=1120rpm, slot length 

= 13.8mm) ................................................................................................ 140 

Figure 5.18 Variation of efficiency with ŬTB at different PPR speeds ........................... 141 

Figure 5.19 Variation of loss with ŬTB (PPR speed=1120rpm, slot length = 

13.8mm) ................................................................................................... 141 

Figure 5.20 Variation of efficiency with torque at different PPR speeds (Slot 

Length = 13.8mm).................................................................................... 142 

Figure 5.21 Variation of loss with ŬTB (PPR speed=1120rpm, slot length = 

50mm) ...................................................................................................... 142 

Figure 5.22 Variation of efficiency with torque at different PPR speeds (Slot 

length = 50.0mm) ..................................................................................... 143 

Figure 5.23 Thermal lumped parameter a) General arc segment and b) 

Resistance network [5.17] ........................................................................ 147 

Figure 5.24 Thermal lumped parameter implementation in Matlab Simulink .............. 147 

Figure 5.25 Lumped parameter model Matlab Simulink model .................................... 149 

Figure 5.26 Thermal symmetry in a) Geometric model and b) Ansys thermal 

model ........................................................................................................ 149 

Figure 5.27 Variation of winding temperature with De-rating Factor for case 

convection coefficient .............................................................................. 151 

Figure 5.28 AFPDD Temperatures (Case heat transfer coefficient 30W.m-
2
.K) ......... 153 

Figure 5.29 Stator Temperatures (Case heat transfer coefficient 30W.m-
2
.K) ............. 153 

Figure 5.30 Case Temperatures (Case heat transfer coefficient 30W.m-
2
.K) ............... 154 

Figure 6.1 Cross section of an AFPDD ........................................................................ 159 

Figure 6.2 Component structure ................................................................................... 159 



 

XII  

 

Figure 6.3 Stator assembly ............................................................................................ 160 

Figure 6.4 Stator magnet retention ............................................................................... 161 

Figure 6.5 Stator tooth assembly features ..................................................................... 163 

Figure 6.6 Winding a) Tooling b) Wound coil c) Coil cross section d) Stator 

prior to potting ......................................................................................... 164 

Figure 6.7 Variation of axial length per stator tooth .................................................... 165 

Figure 6.8 Stator array a) During bonding b) Bridge magnet c) Complete array 

d) Magnetisation pattern ......................................................................... 166 

Figure 6.9 Stator a) Mould CAD model b) Encapsulated stator .................................. 167 

Figure 6.10 Two rotor assembly ................................................................................... 168 

Figure 6.11 Shaft bending deformation......................................................................... 169 

Figure 6.12 Shaft bending von-Mises stress.................................................................. 169 

Figure 6.13 HSR a) No axial loading and b) With axial loading.................................. 170 

Figure 6.14 Shaft and HSR bearing arrangement......................................................... 172 

Figure 6.15 HSR bearing pre-loading arrangement ..................................................... 172 

Figure 6.16 Variation of hoop stress with HSR speed .................................................. 174 

Figure 6.17 HSR a) Back iron b) Hub on shaft c) Pre-magnet bonding d) 

Completed HSR ........................................................................................ 175 

Figure 6.18 PPR structure with cylindrical PPs ........................................................... 176 

Figure 6.19 óInter-lockingô HSR and PPR .................................................................... 177 

Figure 6.20 PPR a) Pre-assembly b) Assembled with HSR c) PP insertion d) 

Completed PPR ........................................................................................ 177 

Figure 6.21 Case design a) 3D view and b) Cross section view ................................... 178 

Figure 6.22 AFPDD a) Case and mounting bracket b) Encoder and wiring 

output ....................................................................................................... 179 

Figure 6.23 Static torque test setup ............................................................................... 182 

Figure 6.24 Variation of torque with HSR angular position ......................................... 182 

Figure 6.25 Variation of EMF with time ....................................................................... 183 

Figure 6.26 Variation of EMF with time (before and after reassembly) ...................... 184 

Figure 6.27 Variation of EMF with time (after reassembly) ......................................... 184 

Figure 6.28 Test setup a) Drive cabinet b Drive machine coupled to AFPDD ............ 185 

Figure 6.29 Variation of torque and power with PPR speed (No load condition) ....... 186 

Figure 6.30 Variation of temperature with time ........................................................... 186 

Figure 6.31 Air gap in a) FEA model and b) Manufactured prototype ........................ 187 

Figure 6.32 Variation of loss with PPR speed (No load condition) .............................. 188 

Figure 6.33 Eddy currents in a) Aluminium PPR hub and b) Stainless steel PPR 

hub ........................................................................................................... 189 

Figure 6.34 On load Matlab model ............................................................................... 190 

Figure 6.35 Variation of torque with PPR speed (On load) ......................................... 191 

Figure 6.36 Variation of torque with time (AFPDD MG pull-out) ............................... 192 

 

 



 

XIII  

 

Table 1.1 Comparison of soft magnetic materials ............................................................ 6 

Table 2.1 Parameters of studied alternative winding PDDs .......................................... 33 

Table 2.2 Parameters for iron loss calculations ............................................................. 42 

Table 2.3 Parameters of optimised alternative winding PDDs ...................................... 43 

Table 3.1 Design approach ............................................................................................. 59 

Table 3.2 FEA Model parameters ................................................................................... 60 

Table 3.3 PPR investigation parameters ........................................................................ 71 

Table 5.1 Hysteresis loss analysis (PPR speed = 1120rpm) ........................................ 136 

Table 5.2  Predicted losses in the components of the AFPDD ..................................... 152 

Table 5.3 Stator component temperatures (Case heat transfer coefficient 

30W.m-
2
.K) ............................................................................................... 152 

Table 6.1 Stator tooth assembly method ....................................................................... 162 

Table 6.2 Summary of AFPDD parameters .................................................................. 180 

Table 6.3 AFPDD electrical parameters ...................................................................... 181 

 

 

  



 

XIV  

 

Nomenclature  

 

Symbol Definition Units 

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

ὃ  Area [m
2
] 

ὃ Slot Area [m
2
] 

AFMM Axial Flux-Modulated Motor  

AFPDD Axial Field Pseudo Direct Drive  

AF Axial Field  

AlNiCo  Aluminium Nickel Cobalt  

BLAC Brushless AC  

ὄ (ὄ  , ὄ ) Flux Density (maximum, minimum) [T]  

Bx , By , Bz Flux Density Component (x, y, z) [T]  

Br , Bɗ Flux Density Component (radial, circumferential) [T]  

B1 Fundamental Flux Density [T]  

ὅ  Bearing Load Rating [N]  

ὅ Cogging Torque Factor  

CFD Computational Fluid Dynamics  

Ὠ  Lamination Thickness [m] 

Dav Average Diameter [m] 

Ὀ  , Ὀ    Tooth Diameter (inner, outer) [m] 

Ὀ   , Ὀ    Diametric Limit of Winding (inner, outer) [m] 

E-CVT Electric-Continuously Variable Transmission  

EM Electro-Magnetic  

% Youngôs Modulus [Pa] 

Ὢ , Ὢ Bearing Factor (fatigue life, speed)  

Ὂ  Centripetal force [N]  

Ὂ   Force (minimum) [N]  

Ὂ  , Ὂ   Bearing loading force (axial, radial) [N]  

Ὂ  Fitting force (axial) [N]  

Ὂ  Nut axial clamping force (minimum) [N]  

Ὢ  Electrical Frequency [Hz] 

Ὢ   Mechanical Cycle Frequency [Hz] 

Ὢ   Pole Piece Frequency [Hz] 

Ὂ (Ὂ) Force (axial) [N]  

FeCo Iron-Cobalt  

FEA Finite Element Analysis  

Ὣ Air gap thickness [m] 

Ὃȟȟȟ  Pre-set bearing preload [N]  

Gr Gear Ratio  

GCD Greatest Common Divisor  

Ὤ , Ὤ  , Ὤ Heat Transfer Coefficient (surface, air gap, shaft) 
[W / 

(m
2
.ºC)] 

HSR High Speed Rotor  



 

XV 

 

Ὅ  Current (rms) [A]  

)  Second moment of area [m
4
] 

Ὧ (Ὧ , Ὧ , Ὧ) Thermal Conductivity (axial, circumferential, radial) 
[W / 

(m.ºC)] 

Ὧ   Number of Consecutive Magnets  

Ὧ  Distribution Factor  

Ὧ   Classical Eddy Current Loss constant  

Ὧ  Hysteresis Loss constant  

Ὧ  Pitch Factor  

Ὧ  Packing Factor  

Ὧ   Winding Factor  

ὑ  Thread tightening factor  

ὑ Back EMF Constant [V.s.rad
-1

] 

l i , lo Length of arc (inner, outer) [m] 

ὒ  , ὒ  , ὒ   Thermal Path Length (axial, circumferential, radial) [m] 

ὒ  , ὒ Inductance (Self, Synchronous) [H]  

ὒ  ͅ,ὒ ͺ End winding Length (inner, outer) [m] 

ὒ  , ὒ  Length (conductor in the slot, total winding) [m] 

ὰ  HSR outer ring length [m] 

ὒ   Bearing lifetime de-rating  

La Active Length [m] 

ὒ  Shaft Length [m] 

LCM Lowest Common Multiple  

LSR Low Speed Rotor  

LPM Lumped Parameter Model  

ά  , Í  , Í  Mass (magnet, rotor, shaft) [kg] 

ὓ  Frictional moment on bearing [N.mm] 

ὓ  Inductance (Mutual) [H]  

n Harmonic Order  

ns Number of Pole Pieces  

ὔ Number of Minor Loops  

N Number of conductor turns  

ὔό Nusselt Number  

ὔ   Number of bearing of same orientation  

ὔ   Bearing loss (due to friction) [W] 

NdFeB Neodymium Iron Boron  

ὴ (ὴ, ὴ) Pole pairs on rotor (high-speed, low-speed)  

Ð Power Factor  

ὖ  Radial Pressure [Pa] 

Piron (Physt , Peddy , 

Pex) 
Iron Loss (Hysteresis, Classical Eddy, Excess) [W] 

Pcu Copper Loss [W] 

PDD® Pseudo-Direct Drive  

PM Permanent Magnet  

PMSM Permanent Magnet Synchronous Motor  

PP Pole Piece  



 

XVI  

 

PPR Pole Piece Rotor  

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

q Number of phases  

qph Number of spokes per phase  

ὗ  Electrical Loading (rms) [Am
-1
] 

ὗὸ Number of Slots  

r (ὶ , ὶ , ὶ) Radius (inner, mean, outer) [m] 

ὶ , ὶ Arc segment radii (inner, outer)  

2  , 2 , 2  Thermal Resistance (Axial, Circumferential, Radial) [ºC/W] 

Ὑ , Ὑ  Resistance (per coil, per phase) [ɋ] 

2  , 2  Thermal Resistance (Convection, Conduction) [ºC/W] 

Ὑ Stator Bore Radius [m] 

Ὑ  Machine Outer Radius [m] 

2Å Reynolds Number  

RFMM Radial Flux-Modulated Motor  

RF Radial Field  

RNA Reluctance Network Analysis  

SMC Soft Magnetic Composite  

SmCo Samarium Cobalt  

SmFeN Samarium Iron Nitride  

SPM Somaloy Prototyping Material  

ὸ  Machine Periodicity  

ὸ  HSR outer ring thickness [m] 

ὸ   Nominal Pole Piece axial thickness [mm] 

Ὕ ( Ὕ  , Ὕ ) Torque (Axial machine, Radial machine) [N.m] 

Ὕ  Time Period [s] 

4Á Taylor Number  

Ὕ Electromagnetic Torque [Nm] 

Ὕ AFPDD Torque (High Speed Rotor) [Nm] 

Ὕ AFPDD Torque (Pole Piece Rotor) [Nm] 

Ὕ  , Ὕ  Temperature (operating, reference) [ºC] 

TEFC Totally Enclosed, Fan Cooled  

T/AV Torque per Active Volume [N.m
-2
] 

T/MV Torque per Magnet Volume [N.m
-2
] 

TRS Tensile Rupture Strength  

V Volume [m
3
] 

ὠ  DC Link Voltage [V]  

ύὴὴ  Mean width of PP [m] 

ὢ , ὣ Bearing Load Factor (radial, axial)  

yq Slot Pitch (in number of slots)  

   

‌  Slot opening proportion  

‌  Angle of arc segment [degrees] 

‌  Temperature coefficient (copper resistivity)  

‌   Electrical angle between star of slots [degrees] 

‌    Ratio of Air to Ferromagnetic Material  



 

XVII  

 

‌  Slot pitch [degrees] 

‌  Tooth body to slot pitch ratio  

‌  Tooth pitch to slot pitch ratio  

ɓ Hysteresis Loss constant  

‍ Half Tooth Slot Pitch [degrees] 

ŭ Beam deflection [m] 

 Shaft deflection (due to shaft, due to load) [m] ‏ , ‏

ʀ  Back EMF [V]  

ʂ Efficiency  

— Angular Position [radians] 

— HSR Tilt angle [degrees] 

ɚ Ratio of Inner to Outer Diameter  

‗  Thermal conductivity of air 
[W / 

(m.ºC)] 

‘ Permeability of free space [H/m] 

ʉ Kinematic viscosity of air [m
2
.s

-1
] 

ʉ  Linear velocity (PPR) [m.s
-1
] 

” , ”  
Resistivity of Copper (Operating Temperature, 

reference) 
[ɋ.m] 

„ Electrical Conductivity [ɋ
-1

.m
-1
] 

„  , „  Shear Stress (axial, radial) [Pa] 

„  Hoop Stress [Pa] 

„  Beam Stress [Pa] 

„  Coil Span Angle [degrees] 

‫   Relative speed between bearing races [r/min] 

‫  Critical speed [rpm] 

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

] 

‫   Rotor Speed (Relative) [rad.s
-1

] 

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

] 

 





1 

 

Chapter 1  

Introduction  

1.1. Motivation  

Substantial research is being carried out worldwide to develop technologies which meet 

the increasing demand and utilisation of energy resources. Modern applications, such as 

renewable energy and electrical vehicles, place a premium on electro-mechanical 

energy conversion in a power dense and high efficiency manner. These applications 

often employ mechanical gearbox components when high-torque low-speed operation is 

required in a low cost and lightweight format. The high-speed low-torque input of the 

gearbox is transferred to a low-speed high-torque output via mechanical contact 

between gear sets. This mechanical interaction of gearbox components results in several 

associated issues such as the requirement for lubrication and maintenance, generation of 

acoustic noise, vibration transmission and damage in over-load conditions [1.1]. This 

can result in a low system utilisation, requiring labour intensive maintenance and 

replacement of components after a gearbox becomes unserviceable [1.2]. Due to these 

inherent challenges for drivetrains with mechanical gear boxes it is desirable to reduce 

the number of gear stages or remove the mechanical gearbox entirely. 

Magnetic gears (MG) and magnetically geared machines, which physically and 

magnetically integrate a magnetic gear within a synchronous AC electrical machine, 

offer an attractive alternative to the mechanical gearbox [1.3] [1.4]. Due to the lack of 

physically connecting components the requirement for periodic maintenance and 

lubrication are essentially eliminated. During an over-load condition the magnetic gear 
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ópole-slipsô, during which additional acoustic noise and vibrations may be caused but no 

lasting damage should occur within the drivetrain [1.5]. The compliance of the magnetic 

gear significantly reduces the transmission of torsional vibrations which is particularly 

beneficial in certain applications [1.6]. Furthermore, magnetically geared electrical 

machines are capable of achieving larger torque densities than those of equivalent 

conventional permanent magnet (PM) machines. The resulting drivetrain may offer a 

competitive alternative to a conventional machine-gearbox arrangement and are a good 

candidate for use in the automotive and wind turbine sectors [1.7]. 

As MGs and MG integrated PM machines advance from technology demonstrators and 

prototypes, research is focusing on cost reductions and improved manufacturability. 

With the technology maturing and finding applications in a variety of fields from down-

well oil and gas, automotive traction motors, aerospace actuators and marine 

propulsion, the ease of manufacture and mechanical robustness become important 

considerations, in addition to the electromagnetic performance. Several aspects of the 

technology are yet to be investigated and present potential opportunities in which the 

advantages of the MG technology can be exploited in a more robust and simple to 

manufacture manner. 

1.2. Trends in AC Machines and Materials  

AC electrical machines are typically categorised between two fundamental types, those 

being synchronous or asynchronous. The most extensively employed asynchronous 

machines are AC induction motors whereas synchronous machines include brushless 

PM machines, variable reluctance, switched reluctance and hysteresis[1.8]. When 

supplied with sinusoidal current and voltage, brushless machines are known as 

Permanent Magnet Synchronous Motor (PMSM) or Brushless AC (BLAC).   
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PMSMs are extensively utilised in applications where torque density and efficiency are 

primary requirements. Both radial field (RF) and axial field (AF) topologies exist with 

RF PMSMs more commonly utilised due to being inherently balanced along their axial 

length. This makes the manufacture of smaller air gaps generally more achievable [1.9]. 

AF PMSMs become favourable when the length is the prevailing constraint for 

applications such as automotive óin-wheelô drives [1.10] [1.11]. RF and AF machine 

topologies have historically been compared using the value of air gap shear stress as 

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

„
Ὕ

ς“ὶὒ
 (1.1) 

  

„
ςὝ

“ὶ ὶ ὶ ὶ
 (1.2) 

  

where 4 is the value of torque, ὶ is the mean airgap radius of the radial machine, ὒ is 

the active length of the radial machine. ὶ and ὶ are the inner and outer radii of the axial 

topology respectively as shown in Figure 1.1(a) and (b). 

 

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

machine 

When considering the continuous rating of an electrical machine, typical values of shear 

stress for industrial machines >1kW, air-cooled aerospace machines and larger liquid-
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cooled machines as 4-15kPa,  20-35kPa and 70-100kPa respectively in [1.8][1.12]. In 

the past these values were unobtainable due to the poor magnetic field strength and 

coercivity of Ferrite or Aluminium Nickel Cobalt (AlNiCo) based materials [1.13].  

The prevalence of applications which demand high efficiency and high power density in 

has increased alongside the global recognition that industries should limit their impact 

on the earthôs resources. As such the increasing global demand for rare-earth 

Neodymium Iron Boron (NdFeB) and Samarium Cobalt (SmCo) can drive large 

fluctuations in the global prices of PM material [1.14][1.15]. As a consequence ongoing 

research aims to reduce the quantity of rare-earth PM for high-volume, cost sensitive 

applications. This is done by means of optimal use of PM material, new magnet 

configurations and in some applications utilising the flux focusing effect [1.16][1.17].  

The increasing interest amongst researchers is aptly seen in the volume of published 

work concerned with PM machines, as shown in Figure 1.2 [1.18]. 

 

Figure 1.2 Variation of interest in PM machines with time  
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Historically an improvement in the maximum energy product of PM materials 

corresponds to the development of new material with a higher maximum energy product 

as seen in Figure 1.3 [1.19][1.20][1.21]. PMs such as Samarium Iron Nitride (SmFeN) 

have the future potential to exceed the properties of NdFeB but requires further 

development due to the difficulties associated with its manufacture [1.22]. 

 

Figure 1.3 Variation of magnetic materials energy product with time   

The use of high energy PMs in volume restricted applications can lead to saturation of 

the soft magnetic materials, necessitating the development of specialist steels such as 

the commonly used Low Carbon Steel or less used Iron-Cobalt (FeCo) [1.23]. FeCo has 

been limited to applications such as aerospace in which the reduced mass of the device 

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

cost.  

The soft magnetic material used in the construction of stator cores are predominately 

thin laminations of electrical steel, typically stacked or wound in the case of RF and AF 

machines respectively [1.24]. An alternative stator core material is Soft Magnetic 
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Composite (SMC), which is a sintered ferromagnetic powder used to form complex 

three-dimensional components and is particularly useful in AF machines [1.25] [1.26]. 

Table 1.1 shows a comparison of the soft magnetic materials with their non-linear B-H 

characteristics shown in Figure 1.4. 

Material  
Saturation 

Magnetization  
(T)  

Resistivity 
ɉДɱÍɊ 

Permeability  
(µmax) 

Coercivity 
(Am-1) 

Tensile 
Strength  

(MPa) 

Low Carbon Steel  

(e.g. M270-35A) [1.27] 
2.0 0.4 5000 55 586 

Cobalt Iron[1.28] 2.4 0.4 15000 32 1344 

Soft Magnetic 

Composite[1.29] 
1.63 70 850 217 64 

      

Table 1.1 Comparison of soft magnetic materials  

 

Figure 1.4 Variation of flux density with magnetic field strength (soft magnetic 

materials) 

Halbach arrays are used to further exploit rare-earth PMs and prevent the need for large 

yokes [1.30]. A resultant óone-sidedô magnetic field is produced as the poles support 
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magnetic field in one direction while cancelling the field in the opposite direction as 

shown in Figure 1.5.  

 

Figure 1.5 Halbach oriented magnet array 

1.3. Magnetic Gears and Magnetically Geared Machines  

In the past the transmission of torque has primarily relied upon two physically 

contacting bodies, with the exception of fluid type couplings found in torque converters. 

The earliest source found regarding MGs relates to an electromagnetic gear from 1901 

[1.31] [1.32]. The device consists of two rotors which transmit force in a non-contact 

manner, via the field produced from a coil excited rotor interacting with ferromagnetic 

teeth of a second rotor. Following this several magnetic type gears have been proposed, 

mainly resembling their non-magnetic variants such as spur and worm, rack and pinion, 

bevel gear, internal and external spur gears and planetary gears [1.32] [1.33] [1.34] 

[1.35].  The special case in which the gear ratio Ὃ  is 1:1 is often referred to as 

magnetic couplings. Both radial and axial magnetic couplings have been employed to 

provide over-load protection with the structures shown in Figure 1.6 (a) and (b) 

respectively [1.36].  
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Figure 1.6 Magnetic Coupling structure a) Radial coupling and b) Axial coupling 

For several decades a lack of interest in this technology persisted due to the poor torque 

density which is mainly attributed to the available PM materials and their poor 

topological utilisation [1.36].  In most cases only a  single pair of magnets contribute to 

torque transmission. An exception to this is the magnetic planetary gearbox, a kin to its 

mechanical counterpart, in which each planet aids torque transmission and have been 

shown to achieve torque densities of ~100kN/m
3
 [1.37]. However, these required a high 

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

Another subset of mechanical gearboxes are known as strain wave or harmonic gears 

[1.38]. These comprise of three components, one of which is a high-speed wave 

generator with an appropriate profile which rotates within a flexible low-speed rotor. 

This produces an advancing waveform on the flexible component. Rotation of this 

component within a fixed circular spline results with the engagement of teeth at 

multiple points at the limit of the profile. Due to a different number of teeth on the low-

speed and fixed circular splines, gear ratios above 150:1 can be achieved [1.39]. A 

radial field harmonic MG equivalent was proposed in 2010 and achieved ripple-free 

torque transmission of up to ~150kN/m
3
 with a 360:1 gear ratio [1.40]. The issue with 

this MG arrangement remains the complex mechanical arrangements and need to couple 

a) b) 
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an eccentric or flexible rotor with a concentric output. This can be overcome using a 2 

stage arrangement but somewhat compromises the torque density of the gearbox. Axial 

MG variants offer limited advantages in reducing bearing loads and operating at higher 

speeds [1.41]. 

1.1.1 Coaxial Magnetic Gear 

The notion of a coaxial magnet gear (CMG) is indicated present in a US patent from 

1967 [1.42]. The employment of three distinct components with radially directed flux 

and the use of an arrangement of pole rings is suggested in [1.43] [1.44]. However, no 

further mention of the operating principle, including how the gearing effect is realised, 

can be found until 1995 in which the necessary number of pole number and modulators 

is given [1.45]. In  2001 a paper by K. Atallah and D. Howe presented an analysis of the 

spatial flux density distributions required for a torque dense CMG [1.46]. The topology 

of such a magnetic gear is shown in Figure 1.7.  

 

Figure 1.7 Coaxial magnetic gear topology 

The magnetic gear topology proposed the use of high energy PM material to contribute 

to the transmission of torque via field modulation using pole pieces (PP). The 

ferromagnetic pole pieces are arranged onto a rotor and separated by non-ferrous, non-

Low-Speed Rotor 

Pole-Piece Rotor 

High-Speed Rotor  
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magnetic segments. Accordingly this rotor structure is known as the pole-piece rotor 

(PPR). The high-speed rotor (HSR) and low speed rotor (LSR) comprise of PM arrays 

with alternating polarity segments of different pole number as shown in Figure 1.7. A 

fixed-ratio radial flux MG achieved torque densities exceeding 100kNm/m
3
 and 

demonstrated performance close to that of mechanical gears. 

Several attempts have since been made to further investigate the technology. Flux 

focusing using tangentially magnetised PMs to exceed the airgap flux density of surface 

mounted arrays have been analysed but at the detriment to the torque ripple [1.47]. 

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

were identified [1.48].  

The reduction of torque ripple has received some attention with the use of interior PMs, 

magnet skewing and so called ópole pairingô in which a proportion of the magnet arc is 

reduced for part of the axial length [1.49] [1.50] [1.51].  

1.1.2 Linear Magnetic Gear  

Linear motion drives have in the past been implemented using hydraulic or pneumatics 

actuators. Both of these systems require lubrication, regular maintenance and can suffer 

from seizing or jamming. Alternatively this motion can be achieved via electrically 

powered linear actuators or by coupling a motor with a lead-screw and nut style 

gearbox. However, a compromise is often seen between the thrust-force density and 

reliability of the system [1.52] [1.53]. By employing the same working principle as 

CMGs the Linear Magnetic Gear (LMG) has been developed to achieve a high 

reliability, high thrust force system.  The suggested topology of an LMG consists of the 

same three essential components as CMGs but in a linearized topology as shown in 

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

aerospace applications in which compact, force dense actuators are preferred [1.54]. 

 

Figure 1.8 Linear magnetic gear topology 

Two key aspects of the LMGs were identified upon the completion of a prototype 

[1.55]. The volumetric force density could be optimised for low axial length high-speed 

armatures and large air gaps. The compressive modulus of the non-ferrous, non-

magnetic components of the PPR proved to be a critical design consideration as 

variation in the spacing between PPs of ~5% resulted in a reduction of the transmitted 

force by ~30%.  

1.1.3 Axial Magnetic Gear  

Furthermore, an Axial Magnetic Gear (AMG) presents yet another variant on the CMG 

principle of operation. The potential to provide physical isolation is of benefit in 

applications such as the food and pharmaceutical sectors whilst the form factor means 

AMGs may find use in in-wheel automotive, aerospace and renewable energy 

applications  [1.56]. Torque densities in excess of 70kNm/m
3
 have been realised though 

significant challenges still remain relating to the strong axial forces within the device 

[1.57]. The topology of an AMG is shown in Figure 1.9. As with CMGôs attempts have 

been made to develop the AMG including using flux focusing methods and reducing 

cogging torque [1.58][1.59][1.60].  

Low-Speed Translator  

Pole-Piece 

Translator  

High-Speed Translator  
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Figure 1.9 Axial magnetic gear topology 

A number of hybrid magnetic gears have been proposed in which the PPs are removed 

from between the PM arrays [1.61][1.62][1.63][1.64]. This is achieved by modification 

of the PPs to permit the transference of flux in a direction that is not aligned with the 

magnetisation direction. These topologies can further benefit by reducing the leakage 

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

physically challenging. 

1.1.4 Magnetically Geared Machines  

The development of an electrical machine topology in which a PMSM is mechanically 

and magnetically integrated with a magnetic gear gave rise to a ópseudoô direct-drive 

(PDD®) which offers the potential operational advantages of a MG within an electrical 

machine. In 2008 the operating characteristics, electromechanical modelling and 

realisation of the radial topology shown in Figure 1.10 were achieved [1.4] [1.65]. A 

demonstrated torque density in excess of 60kNm/m
3
 surpassed other technologies such 

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

of ~30kNm/m
3
 and ~50kNm/m

3
 respectively [1.66]. Furthermore, through the inclusion 

of an additional rotor the device has also been proposed as a variable gear ratio, power 

split device [1.67].  

Low-Speed Rotor 

Pole-Piece Rotor 

High-Speed Rotor 
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Figure 1.10 óPseudoô direct-drive topology 

Torque transmission via magnetic fields results in a low mechanical stiffness between 

input and output rotors, compromising the speed and position control using 

conventional control methods. In 2009 the limitations of conventional field oriented 

control of a PDD were demonstrated [1.68].  The effects of inherent compliance of the 

magnetic gear element can be addressed, with a full state feedback control employed to 

suppress the oscillatory nature and improve the controllability of the PDD. 

The lack of physical connection between the magnetic gear prime mover and output 

requires an understanding of the dynamic aspects such as inertia and compliance for 

accurate motion control [1.69]. Using position sensing from a single rotor a reduced 

order observer control scheme for a PDD was implemented and allowed for an 

improvement in the PDD mechanical structure and ease of integration within existing 

systems [1.70] [1.71]. 

  

Stator with static 

magnet array 

(LSR in a CMG) 

Pole Piece Rotor 

High-Speed Rotor 
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1.4. Magnetic Gears Principle of Operation  

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

pieces. The PPs act to modulate the field of the PM arrays in such a way that an 

interaction is caused between them and a resultant transmission of torque occurs. The 

resulting asynchronous harmonic of one PM array set of pole-pairs is modulated to the 

harmonic number which relates to the number of pole-pairs on the second PM array. It 

was shown that the spatial harmonic flux density distribution resulting from the 

interaction of either PM rotors is given by [1.3]: 

ὴάȟὯ  ȿάὴ Ὧὲȿ (1.7) 

  

where ὴ is the number of pole pairs on the PM array, ὲ is the number of PPs,  

ά  ɴρȟσȟυȟȣȟЊ  , Ὧᶰᴚ . The highest asynchronous space component is found at 

ά ρ and Ὧ ρ and gives: 

ὲ ὴ ὴ (1.8) 

  

where ὴ and ὴ are the number of pole pairs on the high-speed and low-speed rotors 

respectively. The velocity of the flux density space harmonic rotation is given by: 

‫ȟάȟὯ
άὴȟ

άὴȟ Ὧὲ
‫ȟ

Ὧὲ

άὴȟ Ὧὲ
‫   (1.9) 

  

where ‫  , , ‫ ‫  are the rotational velocities of the HSR, LSR and PPR respectively.  

The gear ratio Ὃ  is determined by the stationary component in a comparable manner to 

that of planetary gears. For a stationary PPR  Ὃ  is given respectively by: 

Ὃ  
ὲ  ὴ

ὴ
 (1.10) 
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and for a stationary low speed PM rotor Ὃ is given respectively by: 

Ὃ  
ὲ

ὴ
 (1.11) 

  

As ὴ relates to the PM array which is usually static and in the case of PDDs secured to 

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

1.5. Modelling Techniques  

The principle methods for investigating magnetic problems are analytical modelling, 

Lumped Parameter Modelling (LPM) and Finite Element Analysis (FEA). The use of 

FEA is a commonly used tool for the analysis of electric machines [1.72] [1.73]. FEA 

predictions are generally accepted to deliver accurate results for magnetic field 

problems. This is only entirely true as elements tend toward being infinitely small and if 

the problem is defined correctly [1.74]. Where possible FEA can be simplified using 

geometric symmetry and is conducted in two dimensions (2D). The analysis of MGs 

pose a challenge to FEA due to the dual air gaps, possibility of two moving components 

and lack of periodicity [1.75]. This necessitates the use of multiple layers of elements 

within air gap regions and appropriate modelling of the motion. One such method is the 

moving band technique to achieve accurate results without a large investment of 

computational resource. 

The use of LPM (also known as Reluctance Network Analysis, RNA) offers a 

computationally efficient alternative to the finite element analysis of MGs. The 

accuracy of LPM is dependent on the number of basic elements (sources and passives) 

used to represent the physical aspects of a device. In a complex model a large number of 

elements will be required but it is likely that each element will require few 
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interconnections with neighbouring elements. This technique has been employed to 

analyse the CMG which exhibited a high accuracy and required low computational 

effort [1.76]. Furthermore, a study of the LMG showed good agreement between LPM 

and FEA and incorporated the effects of non-linear steel [1.53]. Furthermore, when 3D 

geometry is to be analysed the model complexity of LPM scales less severely than FEA 

[1.77]. 

Analytical models provide the least computational resources by providing the solution 

to Maxwellôs equations, given the correct boundary information and material 

characteristics. An early example of this for magnetic couplings relates the stiffness and 

force between the two PM arrays [1.36]. Further to this closed form expressions have 

been developed which model the PM of a magnetic coupling as magnetic charge 

distributions and then relate the force and torque between the two charge distributions 

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

compared to FEA. A quasi-analytical model of the AMG was developed with a high 

accuracy for predicting flux density but a 30% over estimate of output torque in [1.81]. 

The optimisation of large magnetic gears using analytical models was carried out by A. 

Penzkofer in [1.82][1.83][1.84]. The analytical model showed good agreement with 

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

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

the following: 

Chapter 2 - PDD machines with alternative winding configurations that simplify 

manufacture are presented. Comparisons between the conventional and proposed 

topology are made in terms of shear stress and efficiency. Furthermore, the pole piece 

rotor forces of the proposed topology are examined. 

Chapter 3 ï The modelling and scaling of an AMG are explored. Magnetic 3D FEA 

is employed to analyse essential characteristics including the inner to outer diameter 

ratio, ‗. Modifications to the conventional PP shape are investigated with the effects 

analysed, particularly considering the output torque and magnetic forces. 

Chapter 4 ï An investigation of the forces incurred by the PPs of an AMG during 

assembly and normal operation are considered. Models of the mechanical structure are 

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

Chapter 5 ï The electromagnetic design of an axial field PDD (AFPDD) is 

investigated and optimised toward development of a prototype. Furthermore, the 

thermal performance is examined with the influence on the choice of materials and 

operating conditions of the AFPDD considered. 

Chapter 6 ï The challenges associated with the manufacturing process of an 

AFPDD are examined. To simplify construction the choice of materials, shaft and 

bearing arrangements and stator designs are analysed. The testing of a prototype 

AFPDD showed good agreement with FEA predictions although careful design of the 

HSR and PPR supporting structures and materials are required. 
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Chapter 7 ï Conclusions are drawn regarding the presented work and its 

contribution to the state of the art implementation of MGs and PDDs. 

 

Figure 1.11 Thesis structure  
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Chapter 2  

Ȭ0ÓÅÕÄÏȭ $ÉÒÅÃÔ $ÒÉÖÅ %ÌÅÃÔÒÉÃÁÌ ÍÁÃÈÉÎÅÓ ×ÉÔÈ 

alternative winding configurations   

As magnetically geared machines advance from technology demonstrators and 

prototypes, research is focusing on cost reductions and improved manufacturability. 

With the technology maturing and finding applications in a variety of fields from down-

well oil and gas, automotive traction motors, aerospace actuators and marine propulsion 

the ease of manufacture and mechanical robustness are becoming key considerations, in 

addition to the electromagnetic performance. 

The mechanical and magnetic integration of a magnetic gear and permanent magnet 

brushless machine gave rise to the so called óPseudoô Direct Drive (PDD®)[2.1]. As it 

develops toward volume manufacture for several applications many design decisions 

have already been considered. For example, in order to improve the mechanical 

integrity early prototypes are superseded by closed structures in which the high-speed 

rotor (HSR) is completely enclosed within the pole-piece rotor (PPR). This, however, 

makes position sensing for commutation purposes more challenging, requiring 

advanced control methods to be developed [2.2][2.3].  

As can be seen in Figure 2.1, concentrated windings have been extensively employed in 

the design of PDDs, as this effectively decouples the selection of the number of poles 

on the stationary magnet array and the number of stator slots [2.1][2.4][2.5]. Therefore, 

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

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

employed in low cost industrial induction machines, for example.  

As can be seen in Figure 2.2, in the proposed technique, a stationary permanent magnet 

is fixed on a stator tooth. This provides a significantly more robust fixing method and 

avoids the possibility of poles having to be mounted on the slot opening, Figure 2.1. 

However, in addition to linking the selection of the number poles and the number of 

slots, in this topology, the magnetic fluxes produced by the stationary permanent 

magnet array, will also exhibit a significantly stronger coupling with the windings as 

they return through the teeth and the back-iron. 

 

 

Figure 2.1 Conventional concentrated winding and stationary magnet array 
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2.1. 0ÒÏÐÏÓÅÄ Ȭ0ÓÅÕÄÏȭ $ÉÒÅÃÔ $ÒÉÖÅ -ÁÃÈÉÎÅ 

2.1.1. Gear Ratio Selection 

The principle of operation of the proposed machine topologies remain consistent with 

those outlined in [2.1]. The realisation of the magnetic gear component should yield 

high airgap shear stress whilst maintaining low cogging torque. In turn the stator should 

strongly couple the fluxes associated with the fundamental component of the flux 

density waveform produced by HSR PMs and the winding. Selecting a single tooth per 

stator magnet pole couples the pole number to the winding configuration and the 

number of stator teeth. Intrinsic to this is the number of electrical phases and in order to 

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

ὗ ὲή (2.1) 

  

where ὲ ρȟςȟσȟȣ  
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ὗ
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 (2.2) 
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where ή is the number of phases, ὗὸ is the number of stator slots, Ὧὧέὲ  is the number of 

consecutive stator PMs per pole, ὴ and ὴ are the number of pole pairs on the HSR and 
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stationary PM arrays, respectively. ὲ is the number of modulating pole-pieces, Ὃὶ is the 

gear ratio and #Ὢ is the Cogging Torque Factor [2.6].  

Figure 2.2 (a) shows an example of a PDD, where each stator PM pole is mounted on a 

stator tooth. However, the use of multiple teeth per stator pole is made possible by 

selecting the appropriate number of consecutive magnets of the same polarity (Ὧὧέὲρ). 

This can result in a different winding configuration as shown in Figure 2.2(b). 

 

Figure 2.2 Proposed realisation of PM magnet array and alternative winding with a) 

kcon = 1 and b) kcon = 2 
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2.1.2. Winding Configurations  

To analyse key electrical characteristics of the proposed machine configuration, 

parameters including winding factor are required. The winding configuration is 

determined using the method outlined in [2.7]. For no rotor or stator skewing the 

winding factor for the fundamental component Ὧύ is given by: 

Ὧ ὯὯ (2.6) 

  

where, ὯὨ is the distribution factor is given: 

Ὧ
Ⱦ

Ⱦ Ⱦ
     for even  ή  (2.7) 
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           for odd ή  (2.8) 

  

where, 
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where ‌ί is the slot pitch and ὸ is the greatest common divisor (GCD) of ὗ and ὴ. The 

pitch factor Ὧὴ is given by: 

Ὧ ÓÉÎ
„

ς
 (2.11) 

  

where the coil span „ύ is given by: 
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where ώή is the number of whole slots per pole. An example of such a winding is shown 

in Figure 2.3. 

 

Figure 2.3 Possible winding for machine with ph = 2, nS =11, pl = 9 (shown in Figure 

2.2(a)) 

2.1.3. Finite Element Analysis  

Analysis of the proposed PDD structures required the use of 2D FEA. This was 

accomplished using magneto-static simulations of the PDDs, positioned in the pull-out 

torque position. To find this position a scan of the PPR position with respect to the HSR 

and stator magnet arrays was conducted. From this aspects of the geometry shown in 

Figure 2.4(a) could be parametrically varied. Meshing, as seen in Figure 2.4(b), was 

implemented and the mesh density verified using mesh invariance testing. The physical 

aspects of the PDD as defined using the material properties, mechanical sets and 

magnetisation directions assigned as shown in Figure 2.4(c). Furthermore, an outer air 

region surrounding the PDD was defined with a tangential magnetic field condition. 

Solving the now defined FEA gave the values of torque per region and along with 

magnetic field plots such as those seen plot Figure 2.4(d). Additionally, transient 

magnetic analysis was employed to ascertain values of iron loss, eddy current loss, PP 
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and PPR forces. The same procedures were applied to 3D analysis, albeit with increased 

meshing and solving times. 

 

Figure 2.4 FEA procedure a) Geometry b) Meshing c) Physics d) Solving 

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

required. In Flux 2D this is achieved by separating the air gap into three layers, the first 

layer being rotational, the second layer being static and the third layer being either 

rotational or static. The typical air gap mesh of a PDD with alternative windings is 

shown in Figure 2.5. 

a) b) 

c) d) 
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Figure 2.5 PDD Meshing procedure 

2.2. Simulation Studies  

Finite element analysis enabled the determination of the key parameters, including the 

fundamental airgap flux density, transmitted torque and flux linkage, is used to 

investigate the performance of the various topologies. The parameters of machines 

under investigation are given in Table 2.1. Where applicable the quoted equivalent shear 

stress values are taken at the gear element pull-out torque. Furthermore, the rated torque 

of the PDD was considered as 80% of the pull-out torque value. 
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Quantity  Value 

HSR Pole Pairs 2-8 

Gear Ratio 4-15 

Cogging Torque Factor 1 

Stator Bore Diameter 126mm 

Stator Outer Diameter 176mm 

Number of Electrical Phases 3 

Airgap length (HSR-PPR) 1.5mm 

Airgap length (PPR-Fixed Array) 1.5mm 

Permanent Magnet Material N38 

Permanent Magnet (PM) 

Remanence 
1.25T 

Relative recoil permeability of PM 1.044 

  

Table 2.1 Parameters of studied alternative winding PDDs 

A single tooth per stationary PM array pole (Ὧὧέὲρ) accommodates the winding 

configuration but results in a reduction of the stator magnet volume, and ‌ is defined as 

the ratio of slot opening to slot pitch. Common values for induction machines may vary 

between 0.25 and 0.6 [2.8]. For ‌ πȢυ, Figure 2.6 shows the variation of the pull-out 

torque with gear ratio. It can be seen that the transmitted torque is reduced compared to 

the conventional PDD, Figure 2.1, employing a concentrated winding. The change of 

geometry, due to the change of gear ratio, results in a reduction of torque with gear 

ratio. This is further illustrated in Figure 2.7 and Figure 2.8, which show the space 

harmonic spectra of the radial flux density waveforms in the airgap adjacent to the HSR 

and due to the stator PM array. It can be seen that the magnitude of the asynchronous 

space harmonics, responsible for torque transmission, are reduced by adopting a 1-

magnet pole per tooth configuration. However, this effect is alleviated for smaller 

values of ‌ and as such low values of ‌ are preferable. Figure 2.9 shows the variation of 

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

achieved for smaller values of  ‌.  

 

Figure 2.6 Variation of pull-out torque with gear ratio for HSR pole numbers 

 

Figure 2.7 Harmonic spectra of radial flux density resulting from the stationary magnet 

array, pl=23 in the airgap adjacent to the HSR, ph=2 
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Figure 2.8 Harmonic spectra of radial flux density resulting from the stationary magnet 

array, pl=27 in the airgap adjacent to the HSR, ph=4 

 

Figure 2.9 Variation of shear stress at pull-out torque with the ratio of angular slot 

opening to slot pitch  
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Following the case of a single pole per tooth, consecutive magnets of the same 

orientation, Ὧ ςȟσȟȣ can be used to produce multiple teeth per stator magnet pole. 

This modification offers the machine designer more choice of gear ratios. However, the 

resulting equivalent shear stresses, as shown in Figure 2.10, are lower than those 

attained with a value of Ὧ ρ. Similarly to configurations with 1 stator pole per 

tooth, higher shear stresses are achieved with smaller values of ‌. 

 

Figure 2.10 Variation of shear stress at pull-out torque with the ratio of angular slot 

opening to slot pitch for kcon > 1  

Figure 2.11 and Figure 2.12 show the variation of the required active length with ‌, in 

order to achieve the rated output torque of 120Nm (equal to the machine equipped with 

concentrated winding [2.1]). The machines with alternative windings require greater 

active length than the conventional concentrated winding machine. Figure 2.13 and 

Figure 2.14 show the variation of efficiency at rated power, where only copper losses 

ὖ  are considered. For many values of  ‌, the alternative winding machines exceeded 

the efficiency of the concentrated winding machine. 
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Figure 2.11 Variation of Required active length with the ratio of angular slot opening 

to slot pitch when kcon =1 

 

Figure 2.12 Variation of Required active length with the ratio of angular slot opening 

to slot pitch when kcon >1 
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Figure 2.13 Variation of Efficiency with the ratio of angular slot opening to slot pitch 

when kcon =1 at rated power, as in [2.1]  

 

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

when kcon >1 at rated power, as in [2.1]  
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It can be seen that efficiency increased with increased ‌, albeit at the expense of 

increased size. However, the PDDs with lower gear ratios can potentially be operated at 

higher speeds, as the mechanical constraints which restrict the maximum speed of the 

HSR are similar for all machines. The resulting maximum achievable power of those 

machines is shown in Figure 2.15. The machines with lower gear ratios show increased 

efficiencies when operated at higher speed, as seen in Figure 2.14 and Figure 2.17 

which show the variations of the efficiency with ‌. 

 

Figure 2.15 Variation of potential output power with PPR at 500rpm, as in [2.1]  
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Figure 2.16 Variation of Efficiency with the ratio of angular slot opening to slot pitch 

when kcon = 1 (Maximum output power) 

 

Figure 2.17 Variation of Efficiency with the ratio of angular slot opening to slot pitch 

when kcon > 1 1 (Maximum output power) 
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In the proposed machine topology a single stator magnet is bonded to a single tooth. 

This leads to a stator tooth carrying the flux from a stator magnet, the magnets on the 

high speed rotor and flux produced by the stator winding. This can lead to increased 

flux densities in the teeth and the back-iron. The resulting potential saturation can be 

alleviated by increasing the thickness of the back-iron and the teeth without increasing 

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

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

Three designs have been selected for further analysis, including the iron losses, where 

the hysteresis ὖ , classical eddy current ὖ  and excess eddy current ὖ  components 

are considered and given by: 

ὖ ὖ ὖ ὖ  (2.13) 

  

ὖ ὯὄὪ (2.14) 

  

ὖ
„Ὠ

ρςὝ

Ὠὄὸ

Ὠὸ
Ὠὸ (2.15) 

  

ὖ
Ὧ

Ὕ

Ὠὄὸ

Ὠὸ

Ȣ

Ὠὸ (2.16) 

  

where ὄ  is the peak magnetic flux density, Ὢ is the electrical frequency, Ὠ is the 

lamination thickness, „ is the electrical conductivity and Ὧ, ‍ and Ὧ are constants 

determined from iron loss tests under sinusoidal flux density waveforms and covering a 

range of frequencies and flux densities. The FEA package was used along with the iron 

loss constant values given in Table 2.2 to calculate the iron loss of each design [2.9] 

[2.10]. 
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Symbol Quantity  Value Unit  

Ὧ Hysteresis loss coefficient 17.9 ὡίὝ ὯὫ  

‍ Hysteresis loss exponent 2.0  

Ὧ  Excess loss coefficient ςȢπ ρπ ὡίȢὝ ȢὯὫ  

Ὠ Lamination thickness 0.35 mm 

„ Conductivity of laminations ςȢςς ρπ ɱ ά  

    

Table 2.2 Parameters for iron loss calculations 

For the pole-pieces the frequency is different from that of the stator and is given by: 

Ὢὴὴ
Ὃ ρ

Ὃ
Ὢ (2.17) 

  

The strategy for selecting an optimal PDD with alternative winding involved 

maximising both airgap shear stress and efficiency for the rated output conditions (PPR 

speed 500rpm, PPR torque 120Nm) within the stator outer diameter, 178mm and stator 

bore diameter 126mm. To achieve the rated torque value the machine active length is 

allowed to vary. Due to the changes in geometry, the fundamental flux linking the HSR 

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

Table 2.3 summarises the parameters and performance of the selected designs. It can be 

seen that PDD designs with alternative windings can be achieved with high equivalent 

airgap shear stresses as well as high efficiencies and power factors.  
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Quantity  Machine A Machine B Machine C 

Winding Type Concentrated Alternative 

HSR Pole Pairs 2 2 4 

Gear Ratio 11.5 11.5 7.75 

Number of slots 6 42 54 

PPR speed (rpm) 500 500 500 

Rated Torque (Nm) 120 120 120 

Stator outer diameter (mm) 178 178 178 

Machine Axial Length (mm) 75 111 99 

Copper losses (W) 175 102 165 

Iron losses (W) 102 124 172 

Efficiency 0.958 0.965 0.949 

Power factor 0.95 0.99 0.98 

Magnet Mass (kg) 3.27 4.46 3.74 

Current Density (Armsmm
-2
) 1.5 1.3 1.7 

Equivalent Airgap Shear Stress 

(kPa) 
101.4 73.2 71.0 

    

Table 2.3 Parameters of optimised alternative winding PDDs 

2.3. Forces on the Pole Piece Rotor 

In PDDs, the stator and HSR are very similar to those of conventional permanent 

magnet machines, and they would essentially exhibit similar stresses. However, the PPR 

is relatively unique, and its manufacture may pose some challenges, since the pole-

pieces must be laminated and essentially held in a non-magnetic and non-conducting 

structure. Therefore, the understanding of the dynamic and static forces the pole-pieces 

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

At rated load, Figure 2.18 and Figure 2.19, show the variation of the radial and 

circumferential forces exhibited by a pole-piece over a 60 degree rotation of the PPR. 

These forces were calculated by integrating the Maxwell stress tensor around each PP. 

The PPR forces were then produced by summing the component forces of each PP.  
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These have been presented over 60 degrees for illustration purposes, since the period for 

the forces depends on the gear ratio. If the gear ratio is non-integer the period is hp  

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

one rotation of the PPR and rG rotations of the high-rotor. Therefore, for machines A 

and B, the period is 720º rotation of the PPR, while for machine C the period is 1440º 

rotation of the PPR. The average radial forces for machines A, B and C are 36N, -70N 

and -59N, respectively.  

Figure 2.20 and Figure 2.21, show the harmonic spectra of the radial and 

circumferential forces exhibited by a pole-piece. It is worth noting that some spectral 

leakage can be seen due to the samples number and finite nature of the force profile. It 

can be seen that for the 3 machines the first largest harmonic order is  ςὴὴ. The 

corresponding frequencies of the harmonics are given by: 

‫ὲ
ὲ

ὴ
‫  (2.18) 

  

where ὲ is the harmonic order and ‫ is the speed of the PPR. 
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Figure 2.18 Variation of the radial force (per pole piece) with PPR angular position at 

rated load 

 

Figure 2.19 Variation of the circumferential force (per pole piece) with PPR angular 

position at rated load 
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Figure 2.20 Harmonic spectra of radial force profile (per pole piece) at rated load 

 

Figure 2.21 Harmonic spectra of the circumferential force profile (per pole-piece) at 

rated load 
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Figure 2.22 shows the contour of the total force on the PPR rotor over a 360
o
 rotation of 

the PPR, where it can be seen that the PPR rotor equipped with alternative windings 

exhibit larger unbalanced magnetic pull. At no load, Figure 2.23and Figure 2.24, show 

the variation of the radial and circumferential forces exhibited by a pole-piece. The 

average radial force during the no-load condition for machines A, B and C are 0.5N, 

107N and -82N, respectively. 

 

Figure 2.22 Variation of total PPR forces at rated load 
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Figure 2.23 Variation of the radial force (per pole piece) with PPR angular position at 

no load 

 

Figure 2.24 Variation of the circumferential force (per pole piece) with PPR angular 

position at no load 
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It can be seen that the average forces exhibited by a pole-piece are significantly affected 

by the load condition. Figure 2.25 and Figure 2.26, show the harmonic spectra of the 

radial and circumferential forces exhibited by a pole-piece. Figure 2.27 shows the 

contour of the total force on the PPR over a 360
o
 rotation of the PPR. It can be seen that 

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

In both the no load and rated load conditions it can be seen that the PDDs equipped with 

alternative windings at subjected to higher forces, both per PP and as a PPR. This is due 

to there no longer being a complete array of magnets, as in the concentrated winding 

machine, and is also influenced by the selected gear ratios 

 

Figure 2.25 Harmonic spectra of the radial force profile (per pole-piece) at no load 
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Figure 2.26 Harmonic spectra of the circumferential force profile (per pole-piece) at no 

load 

 

Figure 2.27 Variation of total PPR forces at no load 
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2.4. Conclusion  

A technique for the selection of PDDs equipped alternative windings is presented. 

Simulation studies and comparisons with an existing PDD equipped with a concentrated 

winding are undertaken. Low values ‌ (0.25-0.3) of are required to achieve high shear 

stress. It is shown that PDDs with alternative windings can be realised, albeit with 

reduced torque density. Special attention was given to the forces exhibited by a pole-

piece, and it was shown that both the average and dynamic forces are affected by the 

load condition. In both the no load and rated load conditions it can be seen that the 

PDDs equipped with alternative windings at subjected to higher forces. Nevertheless, 

shear stresses and power factors in excess of 70kPa and 0.98, respectively, can still be 

achieved. It is shown that a significant advantage, in terms of ease of manufacture, can 

be achieved whilst maintaining torque densities in excess of 45kNm/m
3
, under natural 

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

and with current densities below 2Arms/mm
2
.  
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Chapter 3  

Electromagnetic design of an Axial Magnetic Gear  

MGôs are usually employed in applications which require a compact high performance 

transmission of torque. A drawback of this is the use of expensive rare-earth magnets 

and therefore optimisation is vital to ensure effective use of magnetic material, gear 

volume and overall mass. 

Since the development of the CMG (Co-axial Magnetic Gear) considerable efforts have 

been made to develop the co-axial topology [3.1]. The AMG (Axial Magnetic Gear) has 

received less attention and as such parameters which remain specific to the AMG 

topology may require further analysis [3.2] [3.3]. Modifications to the conventional 

AMG include the use of Halbach arrays [3.4].  

The AMG shown in Figure 3.1 has the same three components as the CMG, with the 

high pole number magnet array considered as fixed and consequently magnetic gearing 

between the HSR and the PPR. A reason for the lack of interest in the AMG may result 

from the pole piece structure as it undergoes significant axial forces. Therefore there is 

motivation to optimise the structure to be both effective at transmitting torque whilst 

achieving a higher level of mechanical integrity. To date limited literature has been 

published regarding the specifics of the pole piece rotor structure. Patents regarding the 

structure for radial magnetic gears exist which outline the magnetic and mechanical 

characteristics of novel pole piece designs [3.5][3.6]. An attempt was made to skew the 

trapezoidal poles to mitigate cogging torque for pole combinations which exhibit poor 

cogging torque factors in [3.7].  
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Figure 3.1 Axial magnetic gear structure 

Section 3.1 presents key considerations when sizing an AMG and Section 3.2 examines 

the difficulties of modelling AMGs. A magnetic optimisation of the AMG is described 

in Section 3.3 with the influence of the pole piece rotor structure upon magnetic gear 

performance considered in Section 3.4. 

3.1. Axial Magnetic Gear Sizing  

The scaling of the torque Ὕ and the torque per active volume ὝȾὠ of the axial magnetic 

gear can initially be determined by:  

Ὕ „ ὶȢὨὶȢὨ— (3.1) 

  

Ὕ
ς“„

σ
ὶ ρ ‗  (3.2) 
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ὠ “ὶ ρ ‗ ὒ (3.3) 

  

Ὕ

ὠ

ς„

σὒ
ὶ
ρ ‗

ρ ‗
 (3.4) 

  

where ‗ is the ratio of inner to outer diameter, „  is airgap shear stress, ὠ is the active 

volume and ὒ is the active length. For a constant outer radius, shear stress, air gap flux 

density and active length the torque and torque per magnet volume scale as shown in 

Figure 3.2. 

 

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

3.2. Modelling Axial Magnetic Gears  

Analytical solutions have been proposed as a less computational intensive alternative 

for investigating the performance of magnetic gears. To analyse the problem the 3D 

axial geometry is often simplified to a 2D representation via a rectilinear transformation 

about the mean radius and the PPs are usually assumed to be infinitely permeable [3.8]. 
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These solutions have achieved accurate flux density prediction but provide limited use 

for considering torque output as errors as high as ~30% have been reported. The 

rectilinear transformation implies a constant shear stress independent of radial position 

and zero radial flux along the PPs toward the centre of the gear. Using FEA software 

(Cedrat Flux 3D) an intense flux focusing effect can be seen in the PPs toward the 

centre of the magnetic gear as shown in Figure 3.3 with the upper magnet array 

removed for clarity.  

 

Figure 3.3 Flux in a pole piece rotor extended to the Z-axis 

As the flux density waveforms were shown to closely represent that of the FEA model 

this indicates that the 2D approach of unfolding the gear about the mean radius is 

unsatisfactory in some instances. The mean radius should be formed from the radius at 

which the integrals of torque Ὕ are equal, as given by: 

ʎ!ÒȢÄÒ ʎ!ÒȢÄÒ (3.5) 

  

where ὃ is the area, ὶ is the radius and  „ is the shear stress. When the shear stress is 

assumed to be constant the mean radius ὶ is defined as:  
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ὶ ὶ

ς
 (3.6) 

  

where ὶ is the inner radius. The shear stress as a function of radial position „ὶ can be 

found using Maxwellôs stress tensor as given by: 

ʎÒ
ρ

‘
ὄ ὶὄ ὶ (3.7) 

  

where ὄ  and ὄ are the circumferential and axial flux density components which 

contribute to torque transmission and ὄ is a flux leakage component in the radial 

direction. These cylindrical flux density components are given by:  

ὄ ὶ ὄ ὶÃÏÓ— ὄ ὶÓÉÎ— (3.8) 

  

ὄ ὶ ὄ ὶÓÉÎ— ὄ ὶÃÏÓ— (3.9) 

  

ὄ ὶ =  ὄ ὶ  (3.10) 

  

where — is the angular position and the Cartesian flux density components are ὄ, ὄ 

and ὄ respectively.  

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

worth noting that the value of shear stress at a certain diametric position is given by the 

average values of the shear stresses around a circular path in the PPR-fixed array side 

air gap. The shear stress shows less variation for higher ratios of inner to outer radius, ‗. 

A significant reduction in the torque producing component of shear stress is seen at the 

outer diameter (OD) due to the reduction in ὄ  . Figure 3.5 shows the radial flux density 

component is greater for lower values of ‗. Therefore, the discrepancy in the calculated 
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torque output using a rectilinear transformation would be particularly exaggerated for 

lower values of ‗, such as the gear presented with ɚ=0.42 from [3.8].  

 

Figure 3.4 Variation of shear stress across magnet surface of AMG 

 

Figure 3.5 Leakage flux density (radial) within pole pieces 
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As this chapter will investigate a range of values for ‗ and full 3D FEA will be used, it 

is worth noting that a typical solution consisted of ~4million volume elements, taking 

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

3.3. Axial Magnetic  Gear Optimisation  

The design of a cost effective and torque dense AMG requires an understanding of the 

key parameters of the AMG including air gap lengths, the PP axial thickness, 

distribution of magnetic material and inner to outer diameter ratio, ʇ . These have to be 

simultaneously considered as their influence may not be independent. Key performance 

indicators include the torque and the axial force on the PPR which are both important 

for the mechanical design and realisation of an AMG. The investigation parameters 

outlined in Table 3.1 were conducted for several gear ratios. 

 

Parameter 
under 

investigation   Pole Piece 
Thickness 

Air Gap 
Length  
(per air 

gap) 

Inner to 
Outer 

Diameter 
Ratio, ʇ 

Magnetic 
Material 

Distribution 

Total 
Magnetic 
Material 
Volume  

Fixed 
Parameter   

Total Magnet Material 
Volume 

2x10
5
mm

3 

to
 

6x10
5
mm

3
 

2x10
5
mm

3
 2x10

5
mm

3
 2x10

5
mm

3
  

Magnet Material 
Distribution 

50:50 50:50 50:50   

Inner to outer diameter 
ratio, ʇ 

0.55 0.55    

Air Gap Length 
(per air gap) 

2mm     

Pole Piece Thickness      

      

Table 3.1 Design approach   

The parameters given in Table 3.2 were used during the computer intensive, time-

consuming 3D FEA. Quoted torque values are given by the pull-out torque of the AMG 

and the shear stress is the equivalent shear stress at the gear pull-out torque.  
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Parameter  Value 

Outer Diameter 200mm 

Permanent Magnetic 
Material 

N38 

Permanent Magnet (PM) 
Remanence 

1.25T 

Relative recoil 
permeability of PM 

1.044 

Ferromagnetic Material Somaloy® 1000 3P 

HSR Magnet Array Full pole arc, North-South 

Fixed Magnet Array Full pole arc, Halbach 

Pole Piece Trapezoidal 

FEA Analysis Type Magneto-static 

Magnetic Gear Position Pull-out torque 
  

Table 3.2 FEA Model parameters 

3.3.1. Effect of the Pole Piece Axial Thickness  

The PP thickness is crucial to the operation of the AMG. The torque transmission 

capability increases rapidly with increasing PP thickness up to an optimum after which 

a more gradual reduction in torque transmission is found as shown in Figure 3.6. 

Selecting a low PP axial thickness prevents sufficient modulation of the HSR and LSR 

magnetic fields due to saturation within the PP, thus reducing the torque transmission 

capability. A large PP thickness presents a large effective air gap between magnet arrays 

and encourages leakage of the magnetic field, again reducing the torque transmission 

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

Therefore, it was considered prudent to ensure a PP thickness to the right of the peak 

shown in Figure 3.6.  This is done by choosing a PP axial thickness ὸ  given by: 

ὸ  
“ὶ

ὲί
 (3.11) 

  

where ὲ is the number of PPs and ὶ is the mean radius of the PPR. This ratio of mean 

circumferential length and PP number ensures the PP shape remains essentially 

ósquareô, thus reducing the variation of torque output due to the PP thickness 

manufacturing tolerances and maintaining a high torque transmission capability. 

3.3.2. Effect of the Air Gap Length  

The desire for small air gap lengths to increase torque production has long been known 

in electrical machines. Usually the air gap is determined by a trade-off between machine 

volume and the cost of achieving improved tolerances. In the AMG reducing the size of 

each air gap significantly increases the transmitted torque and shear stress as seen in 
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Figure 3.7. However, the resulting net axial force on the PPR is also seen to increase as 

shown in Figure 3.8. Viable AMGs are possible with 0.5mm airgaps as forces on the 

PPR remain within the limits of angular contact bearings for this scale of AMG [3.9]. 

However, double-sided topologies should significantly reduce forces on bearings. 

Although the increase in torque and force with reducing air gap length is to be expected, 

these values are required for down selection of the gear ratio and further simulation 

studies within the thesis. 

 

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

A gear with ὴ τ and ὲ ςυ was selected to examine the effect of asymmetric air 

gaps on the torque and shear stress shown in Figure 3.9. An increase in the fixed array 

side air gap caused a greater reduction in torque and shear stress than the HSR side air 

gap. As the LSR pole number is higher, the return path of the flux is shorter and as such 

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

the fixed array than HSR. Although output torque can be improved by minimising the 

fixed array side air gap, equal air gaps of 0.5mm will be used for the following 

optimisations. This air gap would be achievable with the facilities available if the AMG 

were to be prototyped whilst producing high levels of output torque for a given magnet 

volume. Furthermore, equal air gaps should help balance the forces on the PPR.  
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Figure 3.9 Variation of torque and shear stress with asymmetric air gap distribution 

3.3.3. Effect of Inner to Outer Diameter Ratio  

A key difference between the CMG and the AMG is the axial topology allows for 

variation of the inner-diameter to outer-diameter ratio ‗ . Figure 3.10 and Figure 3.11 

show that the addition of magnet material for less than ‗ πȢυ has no significant effect 

on the increase of torque production. This is due to the addition of lower volumes of 

magnet material at low values of ‗ and the reducing radii at which it is added. 
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Figure 3.10 Variation of transmitted torque with ɚ (Magnet Volume 2x10
5
mm

3
) 

 

Figure 3.11 Variation of shear stress with ɚ (Magnet Volume 2x10
5
mm

3
) 
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3.3.4. Effect of Magnet Volume Distribution  

The use of magnetic material has a high impact on the device, both in terms of 

performance and cost. In AMG the magnetic material is distributed between the HSR 

and stationary magnet array. The most effective use of magnet material was investigated 

by distributing a magnet volume between the HSR and fixed magnet arrays. The torque 

and shear stress at three magnet volumes are shown in Figure 3.12, Figure 3.13 and 

Figure 3.14. It is interesting to note that an optimum distribution occurs around 50:50 

(HSR: Fixed) for lower magnet volumes but is biased toward the HSR for higher 

magnet volumes. Furthermore, Figure 3.15, Figure 3.16 and Figure 3.17 show the 

torque per magnet volume decreases with overall magnet volume.  

 

Figure 3.12 Variation of torque and shear stress with magnet distribution (Magnet 

volume 2x10
5
mm

3
) 
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Figure 3.13 Variation of torque and shear stress with magnet distribution (Magnet 

volume 4x10
5
mm

3
) 

 

Figure 3.14 Variation of torque and shear stress with magnet distribution (Magnet 

volume 6x10
5
mm

3
) 
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Figure 3.15 Variation of torque per magnet volume with magnet distribution (Magnet 

volume 2x10
5
mm

3
) 

 

Figure 3.16 Variation of torque per magnet volume with magnet distribution (Magnet 

volume 4x10
5
mm

3
) 
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Figure 3.17 Variation of torque per magnet volume with magnet distribution (Magnet 

volume 6x10
5
mm

3
) 

The torque and shear stress determined by varying the magnet volume and ratio of inner 

to outer radius are shown in Figure 3.18 and Figure 3.19, respectively. The AMG with 

0.5mm air gap and  ὴ τ, ὲ ςυ is able to achieve shear stress values in excess of 

125kPa at moderate values of ‗ and magnet volume. These design aspects are 

considered optimal and will be utilised in Section 3.4 to investigate specific aspects of 

the PPR design.  
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Figure 3.18 Variation of torque with and magnet volume for different values of ɚ (ph=4, 

ns=25) 

 

Figure 3.19 Variation of shear stress and magnet volume for different values of ɚ 

(ph=4, ns=25) 
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3.4. Axial Pole Piece Rotor Topology  

The AMG imparts large axial forces at same air gap lengths at which torque 

transmission is most effective. As such the PPs require the ability to resist deflection in 

the axial direction and thus prevent closing of the air gap. The PPR should also be 

simple to manufacture and robust in its construction.  

The following investigations regarding the PP design will use parameters given in Table 

3.3. Soft Magnetic Composite (SMC) has lower permeability and higher resistivity than 

silicon iron and as such should exhibit better iron loss performance. Due to the 

complexity of the structures under investigation the material chosen for both the back 

iron and PPs was a high strength SMC.  

Parameter  Value 

Outer Diameter 200mm 

Permanent Magnet Material N38 

Permanent Magnet (PM) 
Remanence 

1.25T 

Relative recoil permeability of PM 1.044 

HSR Pole Pairs, ph 4 

Magnetic Material Distribution 
55:45 

(HSR: LSR) 

Magnet Volume 6x10
5
mm

3
 

HSR Magnet Array Full pole arc, North-South 

Fixed Magnet Array Full pole arc, Halbach 

Ferromagnetic Pole Pieces, ns 25 

Ferromagnetic Material Somaloy® 1000 3P 

Air Gap 
Thickness 

0.5mm 

Inner to outer diameter ratio, ʇ 0.55 

FEA Analysis Type Magneto-static 

Magnetic Gear Position Pull-out torque 
  

Table 3.3 PPR investigation parameters 
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3.4.1. Design 1 

The ratio of air to ferromagnetic material in the PPR, ‌  has been shown to affect the 

transmitted torque in CMGs [3.1] [3.10]. The validation of this parameter for AMGs at 

a fixed PP thickness is shown in Figure 3.20. A ratio of 0 signifies the pitch is entirely 

occupied by the ferromagnetic material where as a value of 1 signifies the pitch is 

occupied by no ferromagnetic material. 

When appropriate the value of  ‌ πȢυ will be used in the following investigations 

due to this corresponding to the peak torque transmission. At  ‌ πȢυ an axial force 

of ~250N is exists on each PP which is significant given the scale of the AMG.  

 

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

material 

3.4.2. Design 2 

By creating an interlocking PP shape non-ferrous, non-magnetic and mechanically stiff 

material can be used to support the PPs and thus reduce axial deflections. An example 
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of this structure is shown in Figure 3.21. The central and outer pitch of the shape can be 

modified which provides a greater or lesser area for the PP and supporting material to 

interact. Figure 3.22 shows that variation of either pitch results in a detrimental effect 

on the magnetic performance of the AMG.  

 

Figure 3.21 Design 2 pole piece 

 

Figure 3.22 Variation of torque and shear stress with the ratio of air to ferromagnetic 

material 

Central Pitch Outer Pitch 
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The reasons for decreased magnetic performance are twofold. Firstly the reduction of 

the central pitch causes an increase in circumferential leakage measured at the axial 

mid-point of the PP, as shown by the increase of the ὄ  component in Figure 3.23. The 

highest leakage is seen to occur at the inner radii of the gear where the length of the 

circumferential reluctance path is shortest.  

 

Figure 3.23 Harmonic spectra of Bɗ at different radial positions. (Design 2 PP)  

Secondly, the reduction of the outer pitch reduces the torque production due to a 

reduction of linkage between the magnet arrays and the PPs. This is shown in the 

reduction of the ὄ component in Figure 3.24.  
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Figure 3.24 Harmonic spectra of Bz at different radial positions. (Design 2 PP)  

The radial leakage flux density ὄ is present in both variants as seen in Figure 3.25. As 

ὄ does not contribute to the production of torque a reduction in ὄ would improve the 

magnetic performance of the axial magnetic gear. 
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Figure 3.25 Harmonic spectra of Br at different radial positions. (Design 2 PP) 

3.4.3. Design 3 

The traditional trapezoidal cross section is achieved when the ratio length of the inner 

arc ὰ  to the outer arc ὰ is given by  ὰȾὰ ‗ as shown in Figure 3.26(a).  A variation 

in the ratio of  ὰȾὰ  results in the square cross section shown in Figure 3.26(b) at  

ὰȾὰ ρ. This shape is of particular interest as the resulting PP would be simpler to 

manufacture. Extending ὰȾὰ ρ results in a trapezoid that thins toward the outer 

radius of the AMG as shown in Figure 3.26(c). This shape offers an opportunity to 

reduce the force on the PP and therefore increase the mechanical robustness of the 

structure.  
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Figure 3.26 Design 3 pole piece where l i/lo is a) <1, b) =1 and c) > 1   

The PP area adjacent to the airgap is fixed and a PP axial length given by ὸ  was used 

for the comparison of ὰȾὰ ratios. The torque, shear stress and electromagnetic force per 

PP are shown in Figure 3.27, Figure 3.28 and Figure 3.29 respectively. The peak force 

on the PPs corresponds to a value of ‗ πȢφ and as such this design point should be 

avoided if possible. 

 

Figure 3.27 Variation of torque with ratio li/lo. (Design 3 PP)  
























































































































































































































































