DEVELOPMENT OF IRONLESS CORELESS AXIAL
FLUX PERMANENT MAGNET GENERATOR

YAP WEE LEONG

MASTER IN ENGINEERING (MECHANICAL)

UNIVERSITI MALAYSIA PAHANG



UNIVERSITI MALAYSIA PAHANG

DECLARATION OF THESIS AND COPYRIGHT

Author’s full name : YAP WEE LEONG

Date of birth : 05/01/1990

Title ; DEVELOPMENT OF IRONLESS CORLESS AXIAL
FLUX PERMANENT MAGNET GENERATOR

Academic Session SEMESTER 2 2015/2016

| declare that this thesis is classified as:

CONFIDENTIAL  (Contains confidential information under the
Official Secret Act 1972)

RESTRICTED (Contains restricted information as specified by the
organization where research was done)

«| OPEN ACCESS | agree that my thesis to be published as online open
access (Full text)

I acknowledge that Universiti Malaysia Pahang reserve the right as follows:

1. The Thesis is the Property of Universiti Malaysia Pahang.

2. The Library of Universiti Malaysia Pahang has the right to make copies for
the purpose of research only.

3. The Library has the right to make copies of the thesis for academic exchange.

Certified By:
(Student’s Signature) (Signature of Supervisor)
900105-01-5203 AKHTAR RAZUL RAZALI
New IC / Passport Number Name of Supervisor

Date : 18/4/2016 Date : 18/4/2016




Universiti
Malaysia
PAHANG

Engineering * Technology * Creativity

SUPERVISOR'S DECLARATION

We hereby declare that we have checked this thesis and in our opinion,
this thesis adequate in terms of scope and quality for the award of the
degree of Master of Engineering in mechanical.

(Supervisor's Signature)

Full Name : AKHTAR RAZUL RAZALI
Position : LECTURER
Date : 18/4/2016

(Co-supervisor's Signature)

Full Name : GIGIH PRIYANDOKO
Position : LECTURER

Date : 18/4/2016



Universiti
Malaysia
PAHANG

Engineering * Technology * Creativity

STUDENT DECLARATION

I hereby declare that the work in this thesis is based on my original work
except for quotations and citation which have been duly acknowledged. |
also declare that it has not been previously or concurrently submitted for

any other degree at Universiti Malaysia Pahang or any other institutions.

(Author’s Signature)

Full Name : YAP WEE LEONG
No ID : MMM14009
Date : 18/4/2016



DEVELOPMENT OF IRONLESS CORELESS AXIAL FLUX PERMANENT
MAGNET GENERATOR

YAP WEE LEONG

Thesis submitted in fulfilment of the requirements
for the award of the

degree of Master of Engineering

Faculty of Mechanical Engineering
UNIVERSITI MALAYSIA PAHANG

APRIL 2016



TABLE OF CONTENTS

DECLARATION

TITLE PAGE
ACKNOWLEDGEMENTS
ABSTRACT

ABSTRAK

TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS

CHAPTER 1 INTRODUCTION

1.1 Research Background
1.2 Problem Statement
1.3 Research Objectives
1.4 Research Scopes

1.5 Thesis Outline

CHAPTER 2 LITERATURE REVIEW

2.1 Electricity Generation and Its Technology

2.1.1  Concept Regarding to Magnetic Field
2.1.2  Concept Regarding to Magnetic Field Cutting
2.1.3  Concept Regarding to Connection Used

2.2 Ironcore Electricity Generator
2.2.1  Element and Working Principle

2.2.2  Application of An Ironcore Generator

2.3 Losses In An Ironcore Generator

Page

viii

Xiii

XV

o o B~ W

10
11
13
13
15
17



2.4
2.5

2.6

2.7
2.8

Ironless/coreless Generator Design and Principle

Coreless Generator

2.5.1  Application of Coreless Generator

2.5.2  Arrangement/Configuration of Coreless Generator

Design Consideration of An Ironless Coreless Generator

2.6.1  Magnet Used on the Ironless Coreless Generator

2.6.2  Coil Design for the Ironless Coreless Generator

2.6.3  Gap Distance between the Magnets

2.6.4  Number of Poles and Coils for the Ironless Coreless
Generator

Finite Element Tool For Electromagnetism Analysis

Summary

CHAPTER 3 PRELIMINARY STUDIES: FINITE ELEMENT

3.1
3.2
3.3

3.4

3.5

ANALYSIS

Introduction

Procedure

Results for The Finite Element Analysis

3.3.1  Number of Coil Turns per Phase

3.3.2  Gap Distance between the Magnet Pairs
3.3.3  Magnet Grade Used on Magnet Pairs
3.3.4  Discussion on The Simulation Results

Optimum Parameter for The Ironless Coreless Electricity
Generator
Summary of Preliminary Findings

CHAPTER 4 DEVELOPMENT  WORKS FOR IRONLESS

4.1
4.2
4.3
4.4
4.5

CORELESS ELECTRICITY GENERATOR

Introduction

Structural Analysis on Ironless Coreless Electricity Generator
Fabrication for The Ironless Coreless Electricity Generator
Test Bed Assembly

Summary

Vi

18
21
21
24
31
31
32
34
36

36
38

39
40
43
43
49
55
61
62

69

70
71
74
83
85



CHAPTER 5 OPEN CIRCUIT TEST ON IRONLESS CORELESS
ELECTRICITY GENERATOR

5.1 Introduction

5.2 Material and Equipment

53 Experimental Setup and Procedures
54 Result of The Open Circuit Test
55 Discussions

5.6 Summary of the Chapter

CHAPTER 6 CLOSED CIRCUIT TEST ON IRONLESS
CORELESS ELECTRICITY GENERATOR

6.1 Introduction

6.2 Material and Equipment

6.3 Experiment Setup and Procedure
6.4 Results for The Closed Circuit Test

6.4.1  Various Rotational Speed Constant Load Test
6.4.2  Maximum Power Point Tracking Test
6.5 Discussion

6.6 Summary of the chapter

CHAPTER 7 CONCLUSION AND RECOMMENDATION

7.1 Conclusion

7.2 Recommendation

REFERENCES

APPENDIX

vii

86
87
88
89
95
96

97
98
99
102
103
110
117
120

121
123

124

131



Table No.

2.1

2.2

2.3

2.4

3.1

3.2

3.3

5.1

5.2

6.1

6.2

6.3

6.4

6.5

6.6

6.7

7.1

LIST OF TABLES

Title
Efficiency result
Energy yield result
Result of power output in 3 different numbers of poles
Comparison of various generator design

Summary of the finite element analysis on the number of coil
turns per phase

Summary of the finite element analysis on the gap distance
between magnet pairs

Summary of the finite element analysis on magnet grade used on
magnet pairs

Specification of the three-phase induction motor used in the
experiment

The result for the experiment with different rotational speed

Result for power output for various rotational speed constant
load test

The result for power input, power after inverter and power after
motor for various rotational speed constant load test

Result of torque and efficiency for various rotational speed
constant load test

Result for power output for maximum power point tracking test

Result for power input, power after inverter and power after
motor for maximum power point tracking test

Result for torque and efficiency for maximum power point
tracking test

Efficiency comparison between fabricated ironless coreless
electricity generator with other generators

Summary of the Objectives and Achievements on Research for
The Ironless Coreless Electricity Generator

viii

Page

23

23

27

31

48

54

60

87

94

106

106

107

112

112

113

120

122



LIST OF FIGURES

Figure No. Title Page
1.1 Iron core lamination 2
2.1 Figure shows the different line density in weaker and stronger 7

magnetic field

2.2 Illustration shows the magnetic flux line in the vicinity of coil 9
2.3 Illustration shows the tightly wound circular coil and the toroid 9
coil
2.4 Fleming’s left-hand rule on magnetic field 10
2.5 Fleming’s right-hand rule on magnetic field 11
2.6 Example of wye configuration connection 12
2.7 Example of Delta connection 13
2.8 Illustration shows the various position of armature as well as 15

generator terminal voltage in various position of armature

2.9 Example of conventional generator 16
2.10 Example of alternator for the vehicles 17
2.11 Slotless single-stator double-rotor APFM configuration 20
2.12 Slotted double-stator single-rotor AFPM configuration 20
2.13 Wind turbine generating system model using AFPM generator 22
2.14 [llustration shows the structure of the stacked magnetic circuit 24
2.15 [llustration shows the arrangement of poles of 3 different 26

numbers of poles

2.16 Illustration shows the averaged magnetic field with respect to the 26
gap distance between the rotors of 3 different numbers of poles

2.17 Proposed machine structure of high-speed coreless surface 28
mounted APFM generator

2.18 [llustration shows the proposed machine structure of Javadi S. 29
and Mirsalim M.



2.19

2.20

2.21

2.22

2.23

2.24

2.25

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

Illustration shows the flux path of proposed machine structure of
Javadi S. and Mirsalim M.

Illustration shows the machine structure of Javadi S. and
Mirsalim M.’s research

Illustration shows the machine structure of Drazikowski Lukasz
and Koczara Wtodzimierz’s research

Coil dimension for the axial-flux permanent magnet generator.

Approximated power of the generator via the different relative
thickness of coil (c¢/1)

Approximated power of the generator varies on air-gap distance

Magnetic flux density distribution for the three-phase small scale
PMSG

Process flow for the design and analysis process on ironless
coreless electricity generator

Magnetic Flux Density Contour Plot for 500 Coil Turns per
Phase Analysis

Magnetic Flux of FEM Coil for 500 Coil Turns per Phase
Analysis

Circuit Voltage for 500 Coil Turns per Phase Analysis
Torque for 500 Coil Turns per Phase Analysis

Magnetic Flux Density Contour Plot for 14mm Gap Distance
Analysis

Magnetic Flux of FEM Coil for 14mm Gap Distance Analysis
Circuit Voltage for 14mm Gap Distance Analysis
Torque for 14mm Gap Distance Analysis

Magnetic Flux Density Contour Plot for N42 Neodymium
Magnet Analysis

Magnetic Flux of FEM Coil for N42 Neodymium Magnet
Analysis

Circuit Voltage for N42 Neodymium Magnet Analysis

Torque for N42 Neodymium Magnet Analysis

29

30

31

33

34

35

37

41

44

44

46

46

50

51

51

52

56

57

57

58



3.14

3.15

3.16

3.17

3.18

3.19

3.20

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

412

4.13

4.14

4.15

5.1

Magnetic Flux Density Contour Plot for Optimum Parameter
Design Analysis

Magnetic Flux of FEM Coil for Optimum Parameter Design
Analysis

Circuit Voltage for Optimum Parameter Design Analysis
Rotor Torque for Optimum Parameter Design Analysis
Current for Optimum Parameter Design Analysis
Electric Power for Optimum Parameter Design Analysis
Joule Loss for Optimum Parameter Design Analysis

Result of von Mises stress test on the ironless coreless electricity
generator

Result of displacement test on the ironless coreless electricity
generator

Result for strain test on the ironless coreless electricity generator

Process flow for the ironless coreless electricity generator
fabrication process

Fabricated rotor

Fabricated stator

Fabricated support plate

Jig used to do the coiling

Top view for the coil with core

Side view for the completed coil with core

Coil is assembled on the stator

Jig used to disassemble magnet from bulk

North pole is assemble into rotor

Assembled ironless coreless electricity generator
Test bed used to test the ironless coreless electricity generator

Block diagram for the connection of open circuit test

Xi

64

64

65

65

66

66

67

72

73

73

74

76

77

77

78

79

79

80

81

82

83

84

88



5.2

5.3

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

Phase voltages and characteristics for rotational speed of a)
113.4 RPM, b) 171.8 RPM. ¢) 233.5 RPM, d) 293.6 RPM and e)
352.8 RPM

Voltage output versus rotational speed of the rotor for ironless
coreless electricity generator

Connection of ironless coreless generator, DC electronic load
unit and oscilloscope

Block diagram for the connection of closed circuit test
Process flow for the closed circuit test and setup
The voltage output before and after conversion by the rectifier

Power generated by ironless coreless electricity generator versus
rotational speed graph

Current generated by the ironless coreless electricity generator
versus rotational speed graph

Voltage produced by the ironless coreless electricity generator
versus rotational speed graph

Torque of the ironless coreless electricity generator versus
rotational speed graph

Efficiency of the ironless coreless electricity generator versus
rotational speed graph

Power generated by the ironless coreless electricity generator
versus rotational speed graph for maximum power point tracking
test

Current versus rotational speed graph for maximum power point
tracking test

Voltage produced by the ironless coreless electricity generator
versus rotational speed graph for maximum power point tracking
test

Resistive load versus rotational speed graph for maximum power
point tracking test

Torque versus rotational speed graph for maximum power point
tracking test

Efficiency versus rotational speed graph for maximum power
point tracking test

xii

90

94

99

100

101

102

108

108

109

109

110

114

115

115

116

116

117



Bm
We

Ke

Br

Hc

LIST OF SYMBOLS

Efficiency

Power output

Power input

Power losses
Hysteresis loss
Hysteresis constant
Frequency

Magnetic flux density
Eddy current loss
Eddy current constant
Velocity of the wire
Rotating speed of rotor in rad/s

Turning radius

Generated voltage/Counter electromotive force

Magnetic flux

Velocity of moving charge
Force magnitude
Magnetic flux

Pole pitch

Radius

Thickness of magnet

Air permeability
Remanence

Coercivitiy of magnet

xiii



He

t1

fo

Air gap length

External magnetic field strength
Magnetic moment

Desired end time

Start time

Current

Voltage

Resistance

Power

Line voltage

Phase voltage

Line current

Phase current

Number of poles

Rotational speed of rotors in RPM

Torque

Xiv



AC

AFPM

CAD

CEMF

CNC

DC

DDPMG

DDSG

DFIG

DFIG3G

EESG

emf

ESTRN

FE

FEM

NdFeB

RFPM

RMS

URES

VFD

LIST OF ABBREVIATIONS

Alternating Current

Axial-flux permanent-magnet

Computer Aided Design

Counter Electromotive Force

Computer Numerical Control

Direct Current

Direct-drive permanent magnet generator

Direct-drive synchronous generator with electrical excitation
Double fed induction generator

Double-fed induction generator with three-stage gearbox
Electrically Excited Synchronous Generator
Electromotive Force

Equivalent strain

Finite Element

Finite Element Method

Induction generator

Neodymium Iron Boron

Radial-flux permanent-magnet

Root Mean Square

Displacement resultant

Variable frequency drive

XV



DEVELOPMENT OF IRONLESS CORELESS AXIAL FLUX PERMANENT
MAGNET GENERATOR

YAP WEE LEONG

Thesis submitted in fulfilment of the requirements
for the award of the

degree of Master of Engineering

Faculty of Mechanical Engineering
UNIVERSITI MALAYSIA PAHANG

APRIL 2016



ABSTRACT

Axial flux permanent magnet generator is well known on application of wind turbine
electricity generation. The elimination of some iron core usage in the axial flux
permanent magnet generator had significantly improve the generator’s efficiency
compare to the conventional generator. However, the presence of cog cause by the
ferrite material within the generator is seen somehow restricting the application of the
generator where low rotational torque is required. Cogging creates an attraction force
between magnets and ferrite material in a generator. More power is required to
overcome cogging before the generator can be spun continuously. With the increase of
power output, the problem of cogging is also increased. Therefore, more power is
required to overcome the increased torque. The research sought to fundamentally study
the possibility of removing ferrite material in an electric generator. The generator was
designed, fabricated and experimentally validated to qualify its no-load and loaded
characteristics. The research began with fundamental studies on electric generator and
eventually followed by the design concept. The concept was later analyzed in
simulation mode by using finite element software to study its characteristics in order to
determine its optimum arrangements. Based on the optimum design obtained in the
finite element simulations, the generator was then developed and tested in experimental
mode to qualify and quantify its qualitative and quantitative characteristics. Since the
generator was made coreless and ironless, the cogging torque was therefore reduce to
minimum. Results in both simulation and experimental modes showed good agreement
between the two. The generator managed to generate a few hundred watts of power and
the efficiency was rated to be approximately 78%. Based on the quantitative
experiments, pure sinusoidal 3-phase voltage wave was captured on a scope. Cog-free
motion was found to have demonstrated low starting torque spin. Hence, it can be
concluded that it would be suitable for use in low torque application. Many applications
can benefit from this generator such as in electric generation itself, wind turbine as well
as applications in the automotive industry.



ABSTRAK

Penjana elektrik fluks paksi magnet kekal adalah terkenal dalam applikasi penjanaan
elektrik turbin angin. Oleh kerana penghapusan penggunaan teras besi dalam penjana
elektrik flukspaksi magnet kekal, kecekapan penjana elektrik telah meningkat
berbanding dengan penjana elektrik konvensional. Kewujudan gigi roda atau tugal
disebabkan oleh bahan ferit kelihatan mengehadkan applikasi penjana elektrik dalam
keadaan yang memerlukan putaran Kkilas atau tork yang rendah. Penugalan
menghasilkan satu daya tarikan di antara magnet-magnet dengan teras besi berlamina di
dalam penjana elektrik. Kuasa yang lebih diperlukan untuk mengatasi masalah gigi roda
sebelum penjana elektrik boleh diputar secara berterusan. Dengan meningkatnya output
kuasa, masalah penugalan juga meningkat. Oleh itu, lebih kuasa diperlukan untuk
mengatasi peningkatan kilasan. Penyelidikan ini bertujuan mengkaji asas-asas
kemungkinan penggunaan penjana elektrik tanpa bahan ferit. Penjana elektrik direka,
dibina dan diuji untuk disahkan ciri-ciri penjana elektrik tanpa beban dan dengan beban
secara uji kaji. Penyelidikan ini bermula dengan kajian asas terhadap penjana elektrik
dan seterusnya konsep reka bentuk. Konsep ini kemudiannya dianalisis secara simulasi
dengan menggunakan perisian “finite element” untuk mengkaji ciri-cirinya dan
menentukan perkiraan optimumnya. Berdasarkan reka bentuk optimum yang diperolehi
secara simulasi menggunakan finit elemen, penjana elektrik ini kemudian dibina dan
diuji secara ujikaji untuk mengukur ciri-ciri kualitatif dan kuantitatif. Oleh kerana
penjana ini dibuat dengan tanpa teras dan juga tanpa menggunakan besi, penugalan kilas
dapat mengurangkan ke tahap minima. Keputusan dalam kedua-dua simulasi dan
eksperimen telah menunjukkan keserasian antara kedua-duanya. Penjana elektrik ini
berjaya menjana beberapa ratus watt kuasa dan dengan anggaran keberkesanan 78%.
Berdasarkan eksperimen kuantitatif, gelombang bentuk sinus tulen bervoltan 3 fasa
telah dikesan pada skop. Gerakan tanpa gigi roda didapati menghasilkan putaran kilas
permulaan yang rendah. Oleh itu, dapatlah disimpulkan bahawa ia sesuai untuk
kegunaan dalam applikasi yang memerlukan kilas yang rendah. Banyak aplikasi dapat
memanfaatkan penjana ini seperti dalam penjana elektrik sendiri, turbin angin dan juga
dalam aplikasi lain dalam industri automotif.
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