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GENERATOR

By
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April 2018

Chairman : Professor Norhisam Bin Misron, PhD  
Faculty : Engineering 

Magnetic gears and magnetic geared permanent magnet (PM) machines have recently 

been emerging as a new class of future electromechanical machines which can address 

problems of low-speed power generators. A magnetic geared generator integrates a 

magnetic gear with a low torque, high-speed PM generator to produce a compact low-

speed, high torque machine with the advantages of a direct drive PM machine and 

magnetic gear. Although, previous low-speed PM generators designed with high 

number of poles and magnetic geared generators both eliminate the use of a 

mechanical gear, their power density capacity is low to generate sufficient electrical 

power for low-speed applications. The proposed magnetic geared generator with high 

power density due to the dual-iron ring is specifically aimed to address problems of 

low-power density in low-speed power generators. A magnetically coupled 

configuration structure is implemented in the generator design with dual-iron rings 

and three layers of mutual PMs. This configuration enables the three PMs achieve total 

flux-linkage in both outer and inner machines, therefore increasing the number of air 

gaps and power density. The proposed machine operates simultaneously as a magnetic 

gear and electrical power generator. A two dimensional finite element method (2D 

FEM) is used to study and predict the performance characteristics of the magnetic 

geared generator. A prototype of the magnetic geared generator is fabricated and 

experimentally evaluated, for performance parameters such as transmission torque, 

electrical power-speed characteristics and efficiency. In addition, the proposed 

magnetic-geared generator is compared with previous magnetic-geared generators and 

the effectiveness is verified by using power density evaluation. It is found from the 

measured results that the magnetic geared PM generator with an active stack length of 

30 mm, size of 150 mm and active volumetric density of 393 cm3 achieved maximum 

DC power and AC power of ≈ 250 W and ≈ 360 W, respectively. The maximum torque 
achieved on DC load and AC load are ≈ 12 Nm and ≈ 11 Nm respectively, with an 
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efficiency of ≈ 55% at prime speed of 250 rpm on DC load and ≈ 52% at prime speed 
of 250 rpm on AC load, with a power factor of 0.99 respectively. The magnetic geared 

PM generator demonstrates overload protection by slipping at prime speed in excess 

of 500 rpm. In addition, the magnetic geared PM generator was found to achieve a 

measured maximum active power density of ≈ 917 kW/m3. The calculated and 

measured results are in good agreement to verify the validity of the proposed magnetic 

geared generator design. The proposed magnetic-geared generator has a higher power 

density than the previous magnetic-geared generators. Also, the maximum electrical 

power of the proposed magnetic-geared generator is sufficient for low-speed 

applications. The power due to the dual-iron rings is greater than the early magnetic-

geared generators. 
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MAGNET KEKAL PEMEGUN KEMBAR GELANG-BESI DUAAN 
BERSEPADUKAN GEAR MAGNETIK UNTUK PENJANA KUASA 

BERKELAJUAN RENDAH  

Oleh 

MUSTAFA SHEHU SALIHU 

April 2018 

Pengerusi : Profesor Norhisam Bin Misron, PhD  
Fakulti :   Kejuruteraan 

Gear magnet dan mesin magnet kekal bergear magnet telah baru-baru ini muncul 

sebagai kelas baru mesin elektromekanik masa depan yang boleh menangani masalah 

gear mekanikal dan mesin bergear mekanikal. Penjana bergear magnet bersepadukan 

gear magnet dengan kilas rendah, penjana PM berkelajuan tinggi untuk menghasilkan 

mesin kilas berkelajuan tinggi yang padat, dengan kelebihan mesin PM pemacu 

langsung dan gear magnet. Walaupun, penjana PM berkelajuan rendah sebelumnya 

direka dengan bilangan kutub yang tinggi dan penjana bergear magnet, kedua-duanya 

menghapuskan penggunaan gear mekanik, kapasiti ketumpatan kuasa mereka 

adalahterlalu rendah untuk menghasilkan kuasa elektrik yang mencukupi untuk 

aplikasi berkelajuan rendah. Penjana bergear magnet yang dicadangkan dengan 

ketumpatan kuasa yang tinggi disebabkan oleh gelang-besi duaan ini khususnya 

bertujuan untuk menangani masalah kepadatan berkuasa rendah pada penjana kuasa 

berkelajuan rendah.Struktur tatarajah yang digabungkan secara magnetik 

dilaksanakan dalam reka bentuk penjana dengan gelang-besi duaan dan tiga lapisan 

PM bersama. Tatarajah ini membolehkan tiga PM mencapai total hubungan fluks 

dalam mesin luar dan dalaman, oleh itu meningkatkan jumlah jurang udara dan 

ketumpatan kuasa. Mesin yang dicadangkan ini beroperasi secara serentak sebagai alat 

magnetik dan penjana kuasa elektrik. Kaedah elemen terhingga dua dimensi (2D 

FEM) digunakan untuk mengkaji dan meramal ciri-ciri prestasi penjana bergear 

magnet. Prototaip penjanabergear magnet telah direka dan dinilai secara ujikaji, bagi 

parameter prestasi seperti kilas penghantaran, ciri-ciri kuasa dan kecekapan kuasa 

elektrik.Tambahan pula, penjana bergear magnet yang dicadangkan telah 

dibandingkan dengan penjana bergear magnet yang sedia ada sebelumnya dan 

keberkesanannya telah disahkan dengan menggunakan penilaian ketumpatan kuasa. 

Adalah didapati dari hasil yang diukur bahawa penjana PM bergear magnet dengan 

panjang tindanan aktif 30 mm, saiz 150 mm dan ketumpatan volumetrik aktif 393 cm3 
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telah masing-masing mencapai kuasa DC maksimum dan kuasa AC  250 W dan 

360 W. Kilas maksima yang telah dicapai pada beban DC dan beban AC masing-

masing adalah  12 Nm dan  11 Nm, dengan kecekapan  55% pada kelajuan 

prima 250 rpm pada beban DC dan  52% pada kelajuan prima 250 rpm pada beban 

AC, dengan faktor kuasa 0.99 masing-masing.Penjana PM bergear magnet 

menunjukkan perlindungan beban lebih dengan tergelincir pada kelajuan utama 

melebihi 500 rpm. Adalah juga didapati bahawa penjana PM bergear magnet telah 

mencapai ketumpatan kuasa maksimum yang diukur sebanyak  917 kW / m3. Hasil 

yang dikira dan diukur adalah dalam sekaitan yang baik untuk mengesahkan kesahan 

reka bentuk penjana bergear magnet yang dicadangkan. Penjana bergear magnet yang 

dicadangkan mempunyai ketumpatan kuasa yang lebih tinggi daripada penjana 

bergear magnet sebelumnya. Juga, kuasa elektrik maksima penjana bergear magnet 

yang dicadangkan adalah mencukupi untuk aplikasi berkelajuan rendah. Kuasa 

disebabkan oleh gelang-besi duaan adalah lebih besar daripada penjana bergear 

magnet yang awal. 



© C
OP

UPM

v 

ACKNOWLEDGEMENTS 

I would like to use this opportunity to thank my supervisors, Professor Dr. Norhisam 

Misron, Professor Dr. Norman Mariun, Associate Professor Dr. Lutfi Mohammed 

Othman and Professor Tsuyoshi Hanamoto for their supervision, support and 

assistance throughout the period of my research study. Their mentoring, advice and 

valuable experience were very helpful to the progress and success of my research work 

at Universiti Putra Malaysia. Also I would like to express my appreciation to all the 

staff and my colleagues at the Department of Electrical and Electronic Engineering 

for their academic support and help in achieving my work. 

I would also like to express my sincere appreciation and thanks to my parents; Prof. 

Salihu Mustafa and Mrs. Fatima Z. Mustafa, for their huge sacrifices, guidance and 

invaluable moral support, my brothers and sister; Suleiman, Abdulsalam and Halima 

for their encouragement, special thanks also to my wife Saadatu Aliyu Abubakar, for 

her support, patience and understanding during the period of my study. My 

appreciation and thanks also goes to Prof. E. J. Bala for his valuable assistance during 

my study and research work. 

Finally, I would like to thank all my friends for their encouragement, advice and 

motivation for the successful completion of my research work at Universiti of Putra 

Malaysia. 



© C
OP

UPM

vii 

This thesis was submitted to the Senate of the Universiti Putra Malaysia and has been 

accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. The 

members of the Supervisory Committee were as follows: 

Norhisam Misron, PhD  
Professor 

Faculty of Engineering 

Universiti Putra Malaysia  

(Chairman) 

Norman Mariun, PhD 
Professor, Ir 

Faculty of Engineering  

Universiti Putra Malaysia  

(Member) 

Mohammad Lutfi Othman, PhD 
Associate Professor, Ir  

Faculty of Engineering  

Universiti Putra Malaysia  

(Member) 

ROBIAH BINTI YUNUS, PhD  
Professor and Dean  

School of Graduate Studies  

Universiti Putra Malaysia 

Date: 



© C
OP

UPM

ix

Declaration by Members of Supervisory Committee 

This is to confirm that: 

� the research conducted and the writing of this thesis was under our  supervision;

� supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate

Studies) Rules 2003 (Revision 2012-2013)  were adhered to.

Signature:

Name of  Chairman 

of Supervisory 

Committee: Professor Dr. Norhisam Misron 

Signature:

Name of  Member

of Supervisory 

Committee: Professor Ir Dr. Norman Mariun

Signature:

Name of  Member

of Supervisory 

Committee: Associate Professor Ir Dr. Mohammad Lutfi Othman



© C
OP

UPM

x 

TABLE OF CONTENTS 

Page

ABSTRACT     i

ABSTRAK iii

ACKNOWLEDGEMENTS v

APPROVAL vi

DECLARATION viii

LIST OF TABLES     xi�

LIST OF FIGURES     xvi

LIST OF ABBREVIATIONS xxii

LIST OF SYMBOLS xxiii

CHAPTER
1 INTRODUCTION 1 

1.1 Background 1 
1.2 Problem Statement 2 
1.3 Aim and Objectives 3 
1.4 Scope of study 3 
1.5 Contribution of the Thesis 4 
1.6 Outline of the Thesis 4 

2 LITERATURE REVIEW 6 
2.1 Introduction 6

2.2 Overview of Magnetic Gears 6 
2.2.1 Magnetic Gear Principles 11 
2.2.2 Research Trends in Structure of New Magnetic Gears 13 
2.2.3 Influence of Magnet Material 17 

2.3 Overview of Magnetic Geared Machines 19 
2.4 Variation in Structure of Magnetic Geared PM Machines 29 

2.4.1 Pole Number Selection and Cogging Factor 30 
2.5 Research Trends in Magnetic Geared Single-Stator PM 

Machines 32 
2.6 Research Trends in Magnetic Geared Double-Stator PM 

Machines 38 
2.7 Finite Element Analysis Method 44 

2.7.1 Two-Dimensional and Three-Dimensional FEM 44 
2.8 Summary 45 

3 METHODOLOGY 46 
3.1 Introduction 46 
3.2 Calculation Method 49 

3.2.1 Permanent Magnet Operating Point 49 
3.3 Selection of Material 50 

3.3.1 Permanent Magnet Selection 50 
3.3.2 Stator Core Material Selection 52 



© C
OP

UPM

xi 

3.3.3 Rotor Core Material Selection 54 
3.3.4 Pole Piece Material Selection 54 
3.3.5 Shaft Material Selection 55 

3.4 Magnetic Gearing Operating Principle 55 
3.4.1 Transmission Torque Relationship and Power Flow 58 
3.4.2 Stationary Modulating Pole-Piece 59 
3.4.3 Stationary Outer Rotor 59 
3.4.4 Stationary Inner Rotor 60 
3.4.5 Cogging Torque Factor 60 

3.5 Design Specifications of the Magnetic Gear 61 
3.5.1 Selection of Gear Ratio 61 
3.5.2 Structure of the Magnetic Gear 62 

3.6 Double-Stator Permanent Magnet Machine Design 64 
3.6.1 Number of Stator Slots Calculation 64 

3.7 Integrated Magnetic Gear and Double-Stator PM Machine 65 
3.7.1 Triple Rotor Magnetic Gear 65 
3.7.2 Double Stator Permanent Magnet Machine 68 
3.7.3 Magnetic Gear Integrated with Double-Stator PM 

Machine 69 
3.7.4 Magnetically Coupled Configuration 70 
3.7.5 Magnetically Decoupled Configuration 71 

3.8 Stator Slots Geometry Design Calculation 72 
3.8.1 Stator Core Geometry Design 73 
3.8.2 Parametric Design of the Magnetic Geared Double-

Stator PM Generator 73 
3.8.3 Stator Loss Reduction 77

3.8.4 Stator Coil Winding Design 77 
3.8.5 Coil Turns Calculation 79 
3.8.6 Selection of Permanent Magnet Thickness 81 
3.8.7 Selection of Permanent Magnet Pole-Arc (Pole-

embrace) 81 
3.8.8 Design of Iron Ring Pole Piece 82 
3.8.9 Design of Rotor Structure 83 
3.8.10 Design of Shaft 84 
3.8.11 Losses and Efficiency 85 

3.9 Finite Element Analysis 87 
3.9.1 Torque Distribution Map and Analysis 90 

3.10 Torque Improvement by Parametric Analysis 94 
3.11 Conceptual Mechanical Design 96 
3.12 First Experimental Evaluation Setup 98 
3.13 Second Experimental Evaluation Setup 103 
3.14 Performance Evaluation Parameters 110 

3.14.1 No-Load Tests 110 
3.14.2 Load Tests 110 
3.14.3 DC Electrical Power 111 
3.14.4 AC Electrical Power 112 
3.14.5 Torque-Mechanical Power 112 
3.14.6 Losses and Efficiency 113 



© C
OP

UPM

xii 

3.15 Summary 113 

4 RESULTS AND DISCUSSION 114 
4.1 Introduction 114 
4.2 Simulation Results 114 

4.2.1 Parametric Analysis of Magnetic Geared Double-Stator       

PM Generator 115 
4.2.2 Magnetic Flux Density Characteristics and FFT 

Analysis 118 
4.2.3 Cogging Torque and Transmission Torque 

Characteristics 125 
4.2.4 Torque Distribution Characteristics 129 
4.2.5 Torque Distribution without Load 129 
4.2.6 Torque Distribution with Load 129 

4.3 Predicted Electrical Power Characteristics 132 
4.3.1 Performance Characteristics Analysis 134 

4.4 Predicted Electrical Power Characteristics with Measured Coil 

Winding 135 
4.5 Transient Losses 137 
4.6 Analysis Results of Iron Ring End-Effects 141 
4.7 Torque Improvement by Parameterization Results 145 
4.8 Fabricated Prototype 148 
4.9 Experimental Results 150 

4.9.1 DC Voltage and Current-Speed Characteristics 150 
4.9.2 DC Power-Speed Characteristics 150 
4.9.3 DC Torque-Speed Characteristics 150

4.9.4 DC Efficiency-Speed Characteristics 151 
4.9.5 Voltage-Current Characteristics 153 
4.9.6 Frequency and FFT Characteristics 154 
4.9.7 AC Voltage and Current-Speed Characteristics 156 
4.9.8 AC Power-Speed Characteristics 156 
4.9.9 AC Torque-Speed Characteristics 157 
4.9.10 AC Efficiency-Speed Characteristics 157 

4.10 Power Performance Analysis 157 
4.11 Validation with Experimental Results 161 

4.11.1 Torque and Mechanical Power Comparison 161 
4.11.2 No-load Back-EMF Comparison 162 
4.11.3 DC Load Test Comparison 163 

4.12 Comparison of Proposed Topology with Previous Topologies 167 
4.12.1 Power Density Evaluation 167 
4.12.2 Power and Efficiency Characteristics 169 
4.12.3 Power Density and Power Mapping Characteristics 169 
4.12.4 Comparison of Topologies 171 

4.13 Summary 173 



© C
OP

UPM

xiii 

5 CONCLUSION AND RECOMMENDATIONS 175 
5.1 Conclusion 175 
5.2 Recommendations 176 

REFERENCES 177 
APPENDICES 188 
BIODATA OF STUDENT 197 
LIST OF PUBLICATIONS 198 



© C
OP

UPM

xiv 

LIST OF TABLES 

Table                  Page 

2.1 Some various magnetic gear structure designs presented 17 

2.2 Characteristics of commonly used PM materials 19 

2.3  Summary of some magnetic geared PM machines presented 28 

2.4 Influence of gear ratios on cogging torque factor for presented            

magnetic geared PM machines 32 

2.5 Summary of some single stator magnetic geared PM machines 

presented 38 

2.6 Summary of reported studies on magnetic geared double-stator         

permanent magnet machines 42 

2.7 Structures of presented magnetic geared double-stator permanent 

magnet machines 43 

3.1 Properties of commonly used permanent magnet materials  52 

3.2 Grade specifications for NdFeB permanent magnets  52 

3.3 Parameters of the designed magnetic gear 63 

3.4 Summary of selected variables used for parametric design of the         

magnetic geared generator 74 

3.5 Nomenclature of stator slot design variables 75 

3.6 Summary of calculated number of coil turns and coil dimension 81 

3.7 The selected parameters from the model used for the parametric 

analysis 96 

3.8 Procedure steps for measurement of torque and speed 102 

3.9 Procedure steps for measurement of DC power 108 

3.10 Procedure steps for measurement of AC power 108 

4.1 Rotational speed conditions for the simulation 115 

4.2 Summary of design dimensions for the prototype magnetic geared PM 

generator 116 

4.3 Inner air-gap flux density performance of the magnetic gear 125 



© C
OP

UPM

xv 

4.4 Outer air-gap flux density performance of the magnetic gear 125 

4.5 Cogging torque characteristics of the magnetic gear 127 

4.6 Transmission torque characteristics of the magnetic gear 127 

4.7 Comparison of torque distribution speed constants at no load 131 

4.8 Comparison of torque distribution speed constants with load 132 

4.9 Initial design specifications of the MG generator used in the 2D-finite 

element analysis 133 

4.10 Summary of performance characteristics at (Nfield= 1950 rpm,                  

Nprime= 600 rpm, RL= 15 Ω) 135 

4.11 Measured coil winding specifications of the generator used in the 2D-      

finite element analysis 137 

4.12 Losses produced in the magnetic geared generator at various prime 

rotor speeds 140 

4.13 Parameterized results of the magnetic geared generator 147 

4.14 Summary of magnetic geared generator’s transmission torque 147 

4.15 Material properties of components 149

4.16 Coil winding specifications 149 

4.17 Summary of measured performance and power characteristics for      

prototype double-stator magnetic geared generator 161 

4.18 Comparison of prototype DS-MGM performance characteristics 166 

4.19 The estimated active volume of the magnetic geared generator 168 

4.20 Proposed and previous topologies of magnetic geared generators 171 

4.21 Measured comparison of proposed topology with previous topologies 172 

4.22 Advantage of proposed topology with previous topologies for low-

speed power generation 173 

4.23 Final design parameter values of the magnetic geared double-stator 

permanent magnet generator 174 



© C
OP

UPM

xvi 

LIST OF FIGURES 

Figure                  Page 

2.1 The invented pioneer electromagnetic gear 9 

2.2 The invented magnetic transmission device 10 

2.3 The patented magnetic gear drive 10 

2.4 The published magnetic gear with modulating pole pieces  11 

2.5 Analogous comparison of magnetic and mechanical gear: (a) Magnetic      

gear (b) Mechanical planetary gear 12 

2.6 Concentric types of magnetic gear topologies: (a) Linear type magnetic 

gear. (b) Axial type magnetic gear. (c) Radial type magnetic gear 13 

2.7 Various radial magnetic gears topologies:  (a) Planetary magnetic gear.        

(b) Cycloidal magnetic gear. (c) Harmonic magnetic gear. (d) Radial  

magnetic gear         16 

2.8 Manufacturing costs as a function of (BH)max for various permanent     

magnets 18 

2.9 Razell and Cullen's magnetic geared compact electrical machine in 2004

21 

2.10 Atallah's pseudo direct drive in 2008 22 

2.11 Various structures of magnetic geared PM machines: (a) One-airgap  

structure.  (b) Two-airgap structure. (c) Three-airgap structure. 30 

2.12 Two types of MG machines with single-stator structure: (a) Outer-stator     

MG machine. (b) Inner-stator MG machine 35 

2.13 Flux flow in structures of MG PM machines: (a) Magnetically coupled     

outer-stator. (b) Magnetically decoupled outer-stator. (c) Magnetically 

coupled inner-stator. (d) Magnetically decoupled inner-stator 35 

2.14 Proposed structures of single-stator magnetic geared machines 36 

2.15 Proposed structures of axial-type magnetic geared machines 37 

2.16 Presented structures of radial-type magnetic geared double-stator PM 

machines 40 

2.17 Proposed structures of magnetic geared flux-modulated mnemonic     

machines (MFMM) with double-stator configuration: (a) Dual-layer PM 

MFMM machine. (b) Single-layer PM MFMM machine 41 

3.1 Design and development phase methodology 47 

3.2 Fabrication and testing phase methodology 48 



© C
OP

UPM

xvii 

3.3 The B–H curve of a magnet at operating point 50 

3.4 Demagnetization curve for various permanent magnet materials 51 

3.5 The B-H curve for 50H800 silicon steel material 54 

3.6 The B-H curve for SS400 steel 55 

3.7 General layout of a radial flux magnetic gear with gear ratio of 3.25 57 

3.8 Gear ratio variation with stationary parts of radial magnetic gear:                  

(a) Static outer rotor. (b) Static pole piece. (c) Static inner rotor 58 

3.9 Effect of gear ratio on cogging torque factor for selected number of PM 

pole- pairs on high-speed rotor (PH = 4) 61 

3.10 Structure of the radial flux concentric magnetic gear with inverted      

topology 63 

3.11 Triple rotor magnetic gear 66 

3.12 A double-stator 12-slot 8-pole PM magnet machine 69 

3.13 Integrated double-stator PM generator with magnetic gear: (a) DSPM 

generator. (b) Triple rotor MG. (c) DSPM generator integrated with MG

70 

3.14 A magnetically coupled configuration design: (a) Two layer magnet 

topology.  (b) Mutual magnet topology 72 

3.15 A magnetically decoupled configuration design 72 

3.16 Stator slot geometry and design variables 75 

3.17 Flow chart of machine design by simulation 76 

3.18 Star of slots and winding connections: (a) Outer stator machine. (b) Inner 

stator machine 78 

3.19 Winding layout and slot placement for the MG generator. 79 

3.20 Mechanical and electrical angle pole arc for field and prime magnets 82 

3.21 Distribution ratio factor of segmented iron pole pieces and air slots 83 

3.22 Bone type rotor structure for the permanent magnet rotors 84 

3.23 Designed shaft coupled to the prime rotor 85 

3.24 Power losses in a magnetic geared generator 86 

3.25 The finite element analysis steps used to evaluate the machine design 89 

3.26 Torque distribution points of double-stator magnetic geared permanent 

magnet generator. 92 



© C
OP

UPM

xviii 

3.27 Torque analysis of DS-MGM: (a) Torque distribution between parts;            

(b) Outer stator and outer field PM. (c) Outer field pm and outer iron         

ring.(d) Outer iron ring and prime PM. (e) Prime PM and outer iron ring.      

(f) Inner iron ring and inner field PM. (g) Inner field PM and inner stator

93 

3.28 A flowchart of the parameterization method used for improving torque          

in the magnetic geared generator 95 

3.29 Cross-section of the magnetic geared generator with parameters selected      

for parameterization 96 

3.30 A conceptual mechanical assembly of the prototype magnetic geared 

generator 97 

3.31 Cross-sectional view of the mechanical assembly of the prototype 98 

3.32 Flow chart of torque and speed measurement procedure 100 

3.33 Torque and speed characteristics measurement procedure 101 

3.34 Experimental measurement setup to test the prototype 101 

3.35 First experimental setup and test rig 102 

3.36 Flow chart of DC power measurement procedure 104 

3.37 DC power characteristics measurement procedure 105 

3.38 DC power characteristics measurement setup 105 

3.39 Flow chart of AC power measurement procedure 106 

3.40 AC power characteristics measurement procedure 107 

3.41 AC power characteristics measurement setup 107 

3.42 Experimental laboratory setup and measuring equipment. 109 

3.43 Prototype in test rig 110 

4.1 Structural dimensions of the final design for the magnetic geared PM 

generator [unit: mm] 117 

4.2 Magnetic flux lines distribution: (a) Without load. (b) With load. 119 

4.3 Magnetic flux density distribution: (a) Without load. (b) With load. 120 

4.4 Distribution of air gaps in the magnetic geared generator. 121 

4.5 Influence of iron ring on flux density characteristics in airgap:                       

(a) First air gap. (b) Fast Fourier Transform of (a). (c) Air gap 4.                   

(d) Fast Fourier Transform of (c). (e) Air gap 5. (f) Fast Fourier        

Transform of (e) 122 



© C
OP

UPM

xix 

4.6 The outer air gap magnetic flux density characteristics: (a) Air gap 1.           

(b) Fast Fourier Transform of (a). (c) Air gap 2. (d) Fast Fourier       

Transform of (c). (e) Air gap 3. (f) Fast Fourier Transform of (e) 123 

4.7 The inner air gap magnetic flux density characteristics: (a) Air gap 4.           

(b) Fast Fourier Transform of (a).  (c) Air gap 5.  (d) Fast Fourier     

Transform of (c).  (e) Air gap 6.  (f) Fast Fourier Transform of (e) 124 

4.8 The cogging and transmission torque characteristics of the DS-MGM:          

(a) Cogging torque generated by iron rings of the magnetic gear.                   

(b) Cogging torque generated by stator slots of the machine.                          

(c) Transmission torque of the magnetic gear.  (d) Pull-out torque angle 

curves 126 

4.9 The ripple torque characteristics and harmonic analysis of the DS-MGM:      

(a) Prime rotor ripple torque. (b) Prime torque harmonic analysis.                 

(c) Inner rotor ripple torque. (d) Inner torque harmonic analysis.                    

(e) Outer rotor ripple torque. (f) Outer torque harmonic analysis 128 

4.10 Torque distribution of DS-MGM without load: (a) Outer stator and           

outer field PM. (b) Outer field PM and outer iron ring. (c) Outer iron          

ring and prime PM. (d) Prime PM and outer iron ring. (e) Inner iron            

ring and inner field PM. (f) Inner field PM and inner stator 130 

4.11 Torque distribution of DS-MGM with load: (a) Outer stator and outer        

field PM. (b) Outer field pm and outer iron ring. (c) Outer iron ring and     

prime PM. (d) Prime PM and outer iron ring. (e) Inner iron ring and          

inner field PM. (f) Inner field PM and inner stator 131 

4.12 Back-EMF voltage and DC power characteristics:  (a) Back-EMF          

voltage at rated prime speed = 271 rpm. (b) Harmonic spectra.                      

(c) Voltage-speed curve with resistive load = 5 ohm. (d) Current-             

speed curve. (e) Power-speed curve 134 

4.13 Power mapping and efficiency of MG generator: (a) Generator power 

mapping. (b) Predicted efficiency curve 135 

4.14 Simulated three-phase voltage and current characteristics: (a) No-load      

back-EMF waveforms at prime rotor speed = 300 rpm. (b) Output three           

-phase voltage waveform from generator before DC rectification with             

load of 100 Ω at prime rotor speed = 200 rpm. (c) Output three-phase      

current waveform from generator before rectification with load of                

100 Ω at prime rotor speed = 200 rpm. (d) Spectrum analysis of output     

three-phase voltage waveform from generator with load of 100 Ω at         
prime rotor speed = 200 rpm 136 



© C
OP

UPM

xx 

4.15 Simulated electrical power characteristics of the prototype DS-MGM         

with resistance load of 100 Ω: (a) DC voltage. (b) DC current. (c) DC     
power 137 

4.16 Core and copper losses as a function of resistive load at various prime       

rotor speeds: (a) Core losses. (b) Copper losses. (c) Core and copper        

losses 139 

4.17 Permanent magnets and pole piece losses as a function of resistive load           

at various prime rotor speeds: (a) Permanent magnets losses. (b) Pole       

piece losses 140 

4.18 Magnetic flux density vector plots and torque waveform: (a) Flux          

density vector plot showing flux leakage with iron end rings. (b) Prime 

torque waveform reduced 142 

4.19 Magnetic flux density vector plots and torque waveform: (a) Flux          

density vector plot showing reduced flux leakage with aluminum end       

rings. (b) Prime torque waveform increased 143 

4.20 Improved iron rings with aluminum connecting end-rings: (a) Outer           

iron ring (b) Inner iron ring (c) Modified iron rings 144 

4.21 Improved torque by parameterization with fixed iron ring of 3 mm and 

variable permanent magnet thickness: (a) Transmission torque as a       

function of permanent magnet thickness. (b) Cogging torque as a           

function of magnet thickness. (c) Transmission torque as a function of        

iron ring thickness. (d) Cogging torque as a function of iron ring          

thickness 146 

4.22 A quarter section of the parameterized magnetic geared double-stator          

PM generator for torque improvement.  [unit: mm] 147 

4.23 The fabricated components and prototype of DS-MGM: (a) Iron rings.         

(b) Rotors. (c) Stators. (d) Assembled prototype 148 

4.24 Frontal view of the assembled prototype 149 

4.25 Measured DC voltage/current/power vs. speed characteristics at various 

loads: (a) DC voltage vs. speed. (b) DC current vs. speed. (c) DC power       

vs. speed 152 

4.26 Measured torque and efficiency vs. speed/electrical power 

characteristics       at various loads: (a) Torque vs. speed. (b) Efficiency 

vs. electrical power 153 

4.27 Comparison of simulated and measured output three-phase voltage and 

current from MG generator with load of 62 Ω at prime rotor speed = 200    
rpm: (a) Three-phase voltage and current waveforms. (b) Line voltage 

waveform. (c) Fast Fourier Transform of simulated and measured three-

phase voltage waveforms 155 



© C
OP

UPM

xxi 

4.28 Measured AC voltage/current/power vs. speed characteristics at various 

loads: (a) RMS voltage vs. speed. (b) RMS current vs. speed. (c) Active 

power vs. speed 159 

4.29 Torque/Power factor/Efficiency vs. speed characteristics at various loads         

: (a) Torque vs. speed. (b) Efficiency vs. electrical power 160 

4.30 Three phase AC power characteristics for various resistive loads 161 

4.31 Torque and mechanical power with 100 Ω load: (a) Prime torque.                 
(b) Input mechanical power on Prime rotor 162 

4.32 Comparison of no-load back-EMF waveforms at prime rotor speed                 

= 300 rpm: (a) Simulated results from finite element analysis.                       

(b) Measured results from experimental 163 

4.33 Comparison of output three-phase voltage from generator before DC 

rectification with load of 100 Ω at prime rotor speed = 200 rpm:                   
(a) Simulated three-phase voltage waveform. (b) Measured three-phase 

voltage waveform. (c) Simulated three-phase current waveform.                   

(d) Measured three-phase current waveform. (e) Spectrum analysis of 

simulated voltage waveform. (f) Spectrum analysis of measured voltage 

waveform 164 

4.34 Comparison of DC power characteristics of the prototype DS-MG      

generator with resistance load of 100 Ω: (a) DC voltage. (b) DC current.       
(c) DC power 166 

4.35 A model of the prototype in 3D for estimation of active volume 168 

4.36 Torque, power and efficiency characteristics.  (a) Power as function of 

ohmic load. (b) Efficiency as function of prime speed 169 

4.37 Power density and power mapping characteristics.  (a) Power density as 

function of ohmic load. (b) Power density as function of prime speed.           

(c) Power mapping as function of ohmic load and prime speed 170 

4.38 Advantage of the proposed topology with previous topologies by using 

power density as a function of size for each machine 172 



© C
OP

UPM

xxii 

LIST OF ABBREVIATIONS 

2-D Two Dimensional

3-D Three Dimensional

AC Alternating Current

ALT Average Length of One Coil Turn [mm]

AWG American Wire Gauge

CMG Coaxial Magnetic Gear

CSFM-TS- Circuit-Field-Motion Coupled Time-Stepping 

Axisymmetric Finite 

DC Direct Current

DOF Degree of freedom

DSMGM Double-Stator Magnetic Geared Machine

EMF Electromotive Force [V]

FEM Finite Element Method 

FMDD Flux Modulated Direct Drive 

FFT Fast Fourier Transform

GCD Greatest Common Multiple

LCM Lowest Common Multiple

MGDSPMG Magnetic Geared Double-Stator Permanent Magnet 

Generator

MG Magnetic Gear

MGM Magnetic Geared Machine

MGPM Magnetic Geared Permanent Magnet

MGPMM Magnetic Geared Permanent Magnet Machine

MIPMG Motor Integrated Permanent Magnet Gear

mmf Magnetomotive Force

NdFeB Neodymium-Iron-Boron

PC Permeance Coefficient

PF Power Factor

PM Permanent Magnet

rms Root mean Square

SmCo Samarium Cobalt

TPLM Tubular Linear Permanent Magnet Machine



© C
OP

UPM

xxiii 

LIST OF SYMBOLS 

αph Electrical Angle Between Two Slots [deg]

Acu Cross-Sectional Area of Copper [mm2]

Ag Airgap Flux Density [T]

AM Cross-Sectional Area of a Magnet Pole [mm2]

bsi Inner Stator Tooth Width [mm]

Br Remanence [T]

bso Outer Stator Tooth Width [mm]

dr Distribution Ratio Factor

dso Outer Stator Lip Thickness [mm]

dsi Inner Stator Lip Thickness [mm]

f Frequency [Hz]

fc Cogging Torque Factor

fLKG Leakage Coefficient

g Effective Airgap Length [mm]

Gr Gear Ratio

hsi Inner Stator Tooth Height [mm]

hso Outer Stator Tooth Width [mm]

Hc Magnetic Field Intensity [At/m]

HM External Magnetization Field [At/m]

IDC Current of DC Source [A]

Iphase Current Per Phase [A]

Irms Root Mean Square Current [A]

kslope Torque-Speed Constant

lM Magnet Thickness [mm]

m1 Number of Phases

ns Number of Pole Pieces

Nphase Number of Phases

Ns Number of Stator Slots

PAC Power of AC Source [W]

Pcu Copper Loss [W]



© C
OP

UPM

xxiv 

PDC Power of DC Source [W]

Pdensity Active Power Density [W/cm3]

PFe Iron Loss [W]

Pmech Mechanical Power [W]

Prms Root Mean Square Power [W]

q1 Number of Slots Per Pole Per Phase

Rphase Resistance Per Phase [Ω]

Rc Resistance Per Coil [Ω]

Sapparent Apparent power [W]

Swi Inner Stator Slot Opening Width [mm]

Swo Outer Stator Slot Opening Width [mm]

Tavg Average Torque [Nm]

Tfield Field Torque [Nm]

Tprime Prime Torque [Nm]

Tmax Maximum Transmission Torque [Nm]

Tr Transmission Torque Ratio

VA Active Volume [mm3]

VDC Voltage of  DC Source [V]

Vrms Root Mean Square Voltage [V]

Wbii Inner Stator Back Iron Width [mm]

Wbsi Inner Stator Slot Base Width [mm]

Wbio Outer Stator Back Iron Width [mm]

Wbso Outer Stator Slot Base Width [mm]

Wsto Outer Stator Slot Top Width [mm]

Wsti Inner Stator Slot Top Width [mm]

Zplanet Number of Planet Gear Teeth

Zring Number of Ring Gear Teeth

Zsun Number of Sun Gear Teeth

θair Air Slot Angle [deg]

θiron Pole Piece Angle [deg]

η Efficiency

µrec Relative Recoil Permeability



© C
OP

UPM

xxv 

µ0 Permeability of Free Space µ0

ωfield Rotational Speed of Field Rotor ωfield

ωplanet Rotational Speed of Planet Gear  ωplanet

ωprime Rotational Speed of Prime Rotor ωprime

ωplanet Rotational Speed of Planet Gear  

ωprime Rotational Speed of Prime Rotor

ωring Rotational Speed of Ring Gear  

ωsun Rotational Speed of Sun Gear  



© C
OP

UPM

1 

CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

In the last 10 years, research and development in magnetic gear technology have led 

to the advancement of a new class of electrical machines called magnetic geared 

machines. The operating principle of a magnetic gear is similar to a mechanical gear 

as torque is transferred from the low speed shaft to the high speed shaft with permanent 

magnets. A magnetic geared machine is an electrical machine which is obtained from 

a conventional permanent magnet (PM) machine integrated with a magnetic gear 

(MG). Some studies have reported that the magnetic geared machine can achieve a 

high torque density as a magnetic geared motor or high power density as a magnetic 

geared generator [Frandsen et al., 2015; Zhang, Liu, and Chen, 2016; Johnson, 

Gardner, and Toliyat, 2017].  Also, the resultant magnetic geared machine can be used 

as generators for low-speed power generation applications [Oshiumi, Niguchi, and 

Hirata, 2014; Johnson, Gardner, and Toliyat, 2017]. A study by Niu, Chau, and Yu 

(2009) found that permanent magnet (PM) machines with a double-stator topology 

achieved greater performance characteristics than conventional single-stator 

permanent magnet machines. The research on magnetic geared double-stator PM 

machines has steadily increased recently in the last 10 years, although very few studies 

have been conducted on this class of MG machines. This could be as a result of the 

machine’s complex structure which comprises of several parts. Jian and Chau (2010) 

proposed a double-stator MG PM machine with its structure composed of two PM 

rotors and a single rotating modulating iron ring rotor. The magnetic geared machine 

was designed to operate in a motor/generator power-splitting mode for applications in 

electric vehicles (EVs). Although this magnetic-geared machine has high-transmission 

torque, the power density is low. This is because the two PM rotors rotate at different 

speeds which cause the inner and outer machines to be unbalanced; therefore the MG 

machine cannot operate as a generator in full mode. To solve this problem, Niu, Ho, 

and Fu (2013) presented an improved modified design by removing the modulating 

pole piece rotor and retaining two PM rotors. Non-magnetic ferrite poles were equally 

inserted between each pair of PMs to achieve a power-split electromechanical device 

(motor/generator). However, the proposed MG machine cannot operate fully as a 

generator as a result the power density is low. Liu, Chau, and Zhang (2012) proposed 

a double-stator MG PM machine design which consisted of a single PM rotor for low-

speed, high torque applications. The MG machine has a high torque density as a motor 

but it cannot function as a generator because there is no field PM to excite the coil 

windings in the outer and inner stators to produce electrical power. Wang et al. (2015) 

published in a study two double-stator magnetic flux-modulated mnemonic machine 

designs that combined magnetic gearing principle and the concept of flux-mnemonic. 

The first machine design presented was a dual-layer PM magnetic flux-modulated 

mnemonic machine (MFMM) with PMs mounted on both the outer stator and rotor, 

while the second machine design proposed was a single layer PM magnetic flux-

modulated mnemonic machine with all PMs fixed only on the outer stator. Although 
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the two proposed magnetic-geared machines have high-transmission torque density, 

the excitation power density is low. This is because the field PMs which could excite 

the coil windings to produce electrical power is mounted on the tips of the stator teeth 

and this blocks the magnetic flux from the coils. Although previous studies conducted 

on MG double-stator PM machines have contributed significantly to the present 

knowledge about this class of magnetic geared machines, it can be reasonably assumed 

that there are wide areas of research on magnetic geared double-stator PM machines 

as in the documented works are very little, therefore requiring further investigation. 

This research work presents a dual iron-ring magnetic geared double-stator PM 

generator with high power density which is essentially important for low-speed power 

generators. The proposed magnetic geared generator may address the problems 

associated with low-speed power generation in Malaysia particularly for applications 

such as low-speed wind power generation. This is very useful for applications where 

high power density is required for low-speed power generation. For this reason, the 

present study is aimed to introduce this concept to the industry such as manufacturers 

of low-speed power generators. Therefore this research work proposes a dual-iron ring 

structure design based on the concept of magnetic geared machines. In this research 

work, the structure of the magnetic-geared generator with dual-iron rings is 

investigated that will identify the geometry of the machine. Consequently, the 

objectives and methodology of the research work are defined. This introductory 

chapter concludes with an outline of the thesis. 

1.2 Problem Statement 

Mechanical geared electrical machines are suitable for low-speed applications, mostly 

when operated as generators. But the problems and reliability of mechanical gears 

limit the power and speed performance of mechanical geared electrical machines. To 

solve this problem for low-speed applications, the mechanical gear is removed and a 

direct drive permanent magnet (PM) generator is designed with high number of poles 

in order to generate electrical power at low-speed.  Although it eliminates the use of a 

mechanical gear and is desirable for this application, the machine must have high-

power density to generate sufficient electrical power for low-speed applications. With 

the introduction of magnetic gears, research and development has progressed rapidly 

in the last 10 years with the introduction of magnetic geared machines. A magnetic 

geared generator integrates a magnetic gear with a low torque, high speed power 

generator which results to a compact low speed, high torque machine with the 

advantages of a direct drive PM machine and mechanical geared machine. 

Previous magnetic geared generators have a high transmission torque density. 

However, the power due to the magnetic gear is low because with few numbers of air 

gaps, the field excitation from the permanent magnets is not sufficient to excite the 

coil windings in the stator and generate electrical power. This also reduces the power 

density for low-speed power generators. In order to address this problem, a double-

stator magnetic geared generator with a dual-iron ring structure is proposed with a 

high-power density. The new proposed structure with a dual-iron ring, integrates a 
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magnetic gear with a double-stator PM machine. This increases the number of air gaps 

and field excitation from the permanent magnets with better power density generating 

capability for low-speed power generators in Malaysia. 

1.3 Aim and Objectives 

The main aim of this research work is to develop a new structure of magnetic geared 

double-stator permanent magnet generator for low-speed power generation 

applications. A low-speed magnetic geared generator with high power density due to 

dual-iron ring is proposed. To achieve this concept, the research work is divided into 

the following specific research objectives as follows:   

1. To propose a new structure of magnetic geared double-stator permanent magnet 

generator with dual-iron ring.  

2. To design a magnetic geared double-stator permanent magnet generator with 

high power density due to the dual-iron ring for low-speed power generation 

applications in Malaysia.  

3. To simulate and analyze the magnetic geared machine's magnetic circuit using 

finite element analysis method. 

4. To fabricate and experimentally test the performance characteristics of a 

prototype magnetic geared double-stator permanent magnet generator.  

1.4 Scope of study 

In this research, the aim is to introduce the concept of magnetic gearing by integrating 

with a double-stator permanent magnet generator through a triple-rotor structure. The 

triple-rotor magnetic gear concept studied in this research introduces six magnetic air-

gaps with radial and tangential components. Also dual -iron rings are used to produce 

flux path and modulate the space harmonics in the air-gap between the field permanent 

magnets and prime mover permanent magnets. This increases the magnetic flux area 

for torque transmission between the inner and outer rotors. However the machine 

design is constrained with the selection of both inner and outer stator structure and 

magnet pole-arcs as they determine the cogging torque and transmission torque of the 

generator. Although it has a complex mechanical structure, the expected increase of 

the proposed machine's power density is expected to be suitable for low-speed power 

generator applications.  

Parametric analysis is used to study various magnet pole-arcs and stator structure to 

determine the optimal design. Performance characteristics that include; cogging 

torque, transmission torque, electrical power, voltage, current and speed 

characteristics are obtained from this analysis. A two dimensional finite element 

method (2D FEM) analysis software tool is used to study its magnetic characteristics 

such as flux flow, flux density, harmonic spectrum, torque characteristics and 

efficiency.  The effects of variation of the machine parameters including the stators 
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slot width, tooth angle, tooth thickness and magnet pole-arc are also studied to find 

their effects on the machine's performance.  Three dimensional finite analysis (3-D

FEM) is not considered in this research as it requires a lot of calculation time, 

computation power and more powerful computers. Also in most previous research, 2-

D FEM is mostly used because models can be evaluated quickly by simulation and its 

accuracy is 10% less than 3-D FEM. 

In this research work a prototype will be fabricated and tested to validate the 

simulation results.  The power characteristics will be used as a quality factor to 

evaluate the proposed machine. The power characteristics evaluation parameters 

include the torque, speed, electrical power, active volume and power rating of the 

machine. Finally, detailed thermal analysis and analytical modeling of the machine is 

beyond the scope of this research because thermal constraints need to be specified and 

the thermal property of materials is a complex problem that involves a lot of variables. 

Also is quite complicated to conduct analytical computation because of the machine's 

complex structure with six air gaps.  

1.5 Contribution of the Thesis 

1. The proposed magnetic-geared generator has originalities in its structure, 

particularly the placement of dual-iron rings in the air gaps between the prime 

and field permanent magnets. The introduction of two modulating iron rings for 

both outer and inner air gaps is one key contribution to the design of the proposed 

machine. By integrating a magnetic gear designed with two modulating iron 

rings and three independent permanent magnet rotors, a higher power density 

low-speed power generator is achieved.  

2. In the previous research a single rotor for the PMs is used while in another study 

two PM rotors are utilized in the structure. The structure of the proposed 

magnetic geared double-stator PM generator is designed with three permanent 

magnet rotors and two iron rings to increase the flux density in the air gaps 

between the prime PMs and field PMs in order to achieve higher power density.

3. The proposed magnetic-geared generator has greater power density and the 

effectiveness is verified by comparison with previous magnetic-geared 

generators.  

1.6 Outline of the Thesis 

This thesis research work comprises of five chapters in which the process of the study 

is presented in each chapter. The thesis is focused on the development of a novel 

magnetic geared double-stator permanent magnet generator through finite element 

analysis and fabrication of a prototype. The thesis is organized as follows: 
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Chapter One presents a brief introduction of the research background to this study 

which includes the key problems to be addressed, the problem statement, aims and 

objectives of the study, scope and limitations. 

Chapter Two reviews the history of magnetic gears and magnetic geared machines, 

discusses the previous published works and variation in design of proposed structures. 

The basic operating principles of magnetic gearing are described and numerous 

structures of magnetic geared machines are studied. The contributions and limitations 

of previous works are discussed and compared including the most recent state in 

development of magnetic geared permanent magnet (PM) machines. 

Chapter Three describes the methodology and design of the magnetic geared double-

stator PM generator through finite element analysis, the parametric design approach 

to derive the best parameters for optimal design and the finite element analysis to 

predict its performance characteristics.  The development of the prototype, process of 

fabrication, manufacturing considerations, construction and mechanical assembly are 

explained. The experimental setup and measurement procedure for evaluating 

performance characteristics including validation with the calculated results are also 

reported. 

Chapter Four presents the findings and results achieved, while discussions and 

evaluation of the magnetic geared PM generator’s performance characteristics are 
presented. Also validation of the proposed magnetic geared PM generator design by 

comparison of measured with predicted results is reported. 

Chapter Five concludes the research work from the design process to the performance 

analysis results. The contributions achieved in this study are summarized; 

recommendations and possible future work in this research area are identified.
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