University of Strathclyde
Department of Electronics and Electrical
Engineering

Comparison between Three- and Five-phase
Permanent Magnet Generators Connected
to a diode Bridge Rectifier

by

Nagm Eldeen Abdo Mustafa Hassanain

B.Sc, M.Sc

A thesis presented in fulfilment of the requirements for the degree of

Doctor of Philosophy

2009



The copyright of this thesis belong to the author under the term of United
Kingdom Copyright acts as qualified by University of Strathclyvde Regulation
3.5.1. Due acknowledgement must be made of use of any materials contained in,

or, delivered from, this thesis.



Acknowledgements
I would like to express my gratitude and appreciation to my supervisor, Dr.
John Fletcher for his continuing guidance and help during my PhD study.

Also thanks and appreciation is extended to Prof. B. W. Williams.

In addition, I would like to thank those who had helped me in this work,
Mr. Charles Croser and Dr. Lim.

Also deep thanks to University of Strathclyde and my University, Sudan

University for science and technology, for granting me this scholarship.

1§



Dedication

I dedicated this work to my family, my teachers and my

friends

I1



TABLE OF CONTENTS

ADSITACE .....iiii ittt et N
List Of ADDBIEVIAtIONS. ... .veieiiiieiiieiice et et XI
LiSt OF SYMDOL....viiviiiieiiei et XII
Chapter 1 Introduction ...........cceoceeeeieiineeinieie e 1
1.1 INErOAUCHION ... et 1
1.2 Wind turbine CharaCteriStiCS. ......uureurrerrieriiiie ettt 3
1.3 Permanent Magnet Mmachines: ........ccccooveeriieiiiiiniieniie e, 5
1.4 Multi-phase Zenerators...........cccerrieruiiierieeiieteete ettt ne e 5
1.5 Multi-phase PM generators with diode bridge-rectifiers ............ccccocovvniiievcnnnnnn. 6
1.6 Motivation for the reSearch ..........c.cccooiiiiiiiiiiiii e 6
1.7 Scope Of the theSIS..c.ouuviiiiiiiiiiii e 7
S S (=) 0 (V11 O SRR PUPRR 8
Chapter 2 LItErature reVIEW ........cccoeeeveiviirrieeeeieececciireeee e eevveee e 9

2.1 INETOAUCHION ... ettt ettt e e seeeenbe e ne e e 9
2.2 Theory and analysis of the diode bridge rectifier............ccoeeiiiiiiiii, 9
2.3 Operation, analysis and design of permanent magnet machines............................... 12
2.3.1 Design of permanent magnet machines ...........c.occccoveiiiiiiiiiiiiniieir e, 15
2.3.2 The study and reduction of cogging tOrquUE..........ccccceeeriirrriieniirereesee e 18
2.3.3 Modeling and analysis ............ceeiiiieiiieiiieeiiee et 18
2.3.4 Five-phase permanent magnet GeNnEeratorS........ccocuvtieirierieerniraarieenieeeseeaeeesneans 21
2.4 SUIMIMATY ..ottt e s ea e e e saae s e st e e e st e e esbbeessbeesebeesebeanteeenes 23
RETEIEIICES ...vvieuviiitie ettt ettt e et eesreesbe e ebeebeeseene e 24

IV



Chapter 3 Analysis and modelling of five-phase system ............. 28

3.1 INEPOAUCHION ....ceveeeeeeieeeeeecetreeneeeteseeeesaeesee et esn s s ab e st st e s b e e ra e s e ssb e s nenaea 28
3.2 Analysis of the three-phase diode bridge rectifier ...........ocoovvnrniiiiin 29
3.2.1 The id€al CASE.........overereieeierieereeceececstee ettt et 29
3.2.2 Analysis including phase inductance .............co.ooeeveeiieniniiecieneninie 32
3.3 Analysis of the five-phase diode rectifier .........cooveeeieiiniiiniiin 35
3.3.1 Ideal five phase rectifier SYStem. ......c..cocueviivuiiriiinriiniinieee s 37
3.3.2 Analysis of the five-phase system including phase inductance.......................... 39
3.4 Simulation Model .........c.cociiiririiirie 43
3.4.1 Simulation model of the three-phase PM generator with diode rectifier............ 44
3.4.2 Simulation model of the five-phase PM generator with diode rectifier.............. 52
3.5 Evaluation of the developed models ..........cccoevieeiiriiienienneniircrci s 60
3.6 Effect of the self- and mutual-inductances on the performance of the generators.....63
3.7 SUIMIMATY ...oeoveereeieereeniieiereesteseeseessesieseessesssssesssesaressesseesnsassnessesssesstessssnnessesassssassens 73
RELEIENCES ...ttt sttt ettt e e e 74

Chapter 4 Design of the Prototype Five-phase Permanent Magnet

(€ 15115) ¢: 170 ST SP O RRTRRTRRTRPON 75
4.1 INrOAUCHION.......coiiirritiereeteeesereneserseesesnessee e st sssesseastessessesssasaseseensesessersersessensenss 75
4.2 Initial design ChOICES.......c.ccceeeeriicerrirreecrrseee st e ersates e e e s resaeeae e neaes s ssnensennne 76
4.3 ROOT dESIZN ....ccooreenrieeiiiicerieertessnecaesrreneseessssesineesssesssesasasssessssssessasssessssseessessessaens 77
4.4 Basic Stator dimenSioNS........cccccvvurrininiiinineinineieccetssretese e saesee e sesseesessessenns 80
4.5 Stator SIot dESIN........ccocviveiericrriciiiiecntss et see et sre e s b e see e e s e saesaesaessessesaens 81
4.6 Winding CONfIGUIALION ........cocceriiriiiiniicninieisnnesneseesnteseeseesaessnesaessessnesseseessessessessenses 82



4.6.1 Winding specification: number of turns per phase .........ccocoevvvvvevei. 88

4.6.2 Winding specification: Conductor diameter ..........c..covcerrovenieneeeco 89
4.6.3 Winding specification: Generator CUITENt............ccoecciiieniiiieniiiienii e 90
4.7 Generator PAraQmeELerS .........coovveereiitieeeiiiiiee et 91
4.7.1 WiINAing reSIStANCE .......eeeveetieeiieeiii et 92
4.7.2 WiIinding iNAUCLANCE ...........oueiieerieiieii e 92
4.8 Finite Element ANALYSIS .......coviiuiiiiiiiiiirieie et 95
4.9 Maxwell 2D Finite Element Analysis SOftWare ...........ccocccooivviiioiiiiiine 97
4.9.1 Initial design data..........ceecueeiiiiiinieieee i 98
4.10 COGGING tOTQUE........eeeireeirrrreesieeiee it eereeeesatesre e ettt e st et eembeeesree e beesasnssaneeeneeenres e 102
4.11 No-load Back EMF ... e 103
412 SUMIMATY .ttt et e e e e e e ettt et e eaeaee e e e ntnnaeeeeesannnnneaeeanns 105
REfEIENCES ... 106

Chapter 5 Evaluation of the performance of the prototype five-

and three-phase generators using FEA and experimental tests ... 107

5.1 INtrOAUCHION ...covtiiiiie ittt ettt see et nee e 107
5.2 Simulation using finite element analysis.........cccceeverieiiieenieriieriereesee e 108
5.3 FEA results of proposed design ...........cccoeviiiiiiieeiienieeieeieee e 108
5.3.1 Generator shaft torque, power, and phase current..........c.c..cccevniiiiiinnnnin 109
5.3.2 Dc output voltage and POWET .........c.ccoiieiriiiiiiiiiiiiiiniccc e 112
5.4 FEA of the practical deSign.........cccoveiriiiiirieininiiinie et 114
5.4.1 Generator shaft torque, power and phase current.............c.ccoceivienieniiennnn 115
5.4.2 Dc output voltage and POWET .......c.ceoriiiriiiiiiiiiiiieiiec e 118

VI



5.5 Performance analysis using experimental tests............................ 119

5.5.1 TeSt i layOul ...co.eeiiieiiiiieit e 120
5.5.2 Assessment of generator iron loss and friction and windage loss..................... 121
5.5.3 GENErator PArAMELETS ...........couieiuireriieaieeerieeaeireeeereeseteeeseeesseesseseeaeeeneeeneee e, 122
5.5.4 Back EMF WavefOrms .....ccccvviiiiiiiiiiieiie e 123
5.6 Experimental ReSULLS ......c.cooiiiiiiiiiiiiiiiiecetecee e, 125
5.6.1 Generator shaft torque, power and phase current............cccccceveeivveieciieecennee e, 125
5.6.2 Output dc voltage and POWET ..........ccoeviriiiiiiiiieiee e 127
5.7 SUITHNIATY ...eevvtieiiieeiee ettt ettt ettt et e sbn e et n et e e 129
REFEIEIICES ...t 130

Chapter 6 Performance of a five-phase PM generator with diode

bridge rectifier under open-circuit phase failures....................... 131
6.1 INtrOAUCTION .....eoutiiiiiiie et e eae 131
6.2 Simulation of permanent magnet generators with open-circuit phase failures........ 131

6.2.1 Single open-circuit phase failure...............c.cccoooviiiiiiii 132
6.2.2 Adjacent open-circuit phase failures.............ccocceeeviieieneeiioiiiiioi 140
6.2.3 Non-adjacent open-circuit phase failures.............ccccoccooviiiiiiiiiiiiie 144

6.3 FEA simulation and experimental tests on the five- and three-phase systems under

open-circuit phase faillures ..........cccooeveeniiniiniii e, 149

6.3.1 Single open-circuit phase failure..............cccccoooii 149
6.3.2 Adjacent open-circuit phase failures..................cccccooiiiiiiii 153
6.3.3 Non-adjacent open-circuit phase failures...........c.c.ccocccooiiiiniiniiiiiie e, 156
0.4 SUIMIMATY ...ocviiiiiiieciie ettt sttt e et e e s be e s e rtseebeesssesetaeebeeesneeans 160
RETEIEINCES ..t et 161

VII



Chapter 7 Analysis of the dc link capacitor current .................... 162

7.1 INEPOAUCTION ..ottt 162
7.2 Dc link capacitor CUITENL .........cuiiiiiiiiiieiiieeie e icete ettt e v e esa e ste e 163
7.3 Dc link capacitor rms ripple current and core temperature............cceecveeeevveenneennnen... 163
7.4 Simulation analysis of dc link capacitor Current............ccceeevvieeeeieeesiee s e 163
7.4.1 Dc link capacitor current under normal conditions current ...........ccceceeeueenncen. 165
7.4.2 Dc link capacitor current with a single phase open-circuit failure................... 168
7.4.3 Dc link capacitor current with adjacent open-circuit phase failures................. 169
7.4.4 Dc link capacitor current with non-adjacent open-circuit phase failures.......... 171
7.5 FEA analysis of dc link capacitor ...........c.ccooiiiiiiiiinieecc 172
7.5.1 Dc link capacitor current under normal conditions...........c.cccevceeniericeneenncene. 173
7.5.2 Dc link capacitor current with a single phase open-circuit failure.................... 174
7.5.3 Dc link capacitor current with adjacent open-circuit phase failures................. 175
7.5.4 Dc link Capacitor current with non-adjacent open-circuit phase failures......... 176
7.5.5 Summary of FEA simulation ...........c.c.ccoiiiiiii 177
7.6 Experimental evaluation..............cooiiiiiiiiiiiiiiiiie e, 178
7.6.1 Dc link capacitor rms current under normal conditions...............cccoceenenn.e 178
7.6.2 Dc link capacitor current with a single phase open-circuit failure.................... 179
7.6.3 Dc link capacitor current with adjacent open-circuit phase failures................. 181
7.6.4 Dc link capacitor current with non-adjacent open-circuit phase failures.......... 181
7.6.5 Summary of experimental results...........ccocccoviiiiiiiiiiiii e, 182
7.7 SUIMIMATY ....oviiiiiiiie it see e e st e st e e e et e e saateee s ebaeaesansraaesssseessseeeensneesessenss 183
RETEIENCES ...t ettt 184

VIII



Chapter 8 ConClUSIONS ........ccvvvviereiierreiieecieeeeec e, 185

8.1 General CONCIUSION..........coiiiiieirieieeieec et 185
8.2 Main contributions of this thesis...........ccccevviniirriieriiniiinceceee e 187
8.3 Further research...........cc.ooveeiieieeeececeee ettt 188
APPENAIX A ...ttt et s b e 190
Al. Possible circuits for 3- and 5-phase system ...........ccccoeverviriieniinnininiinenee 190
A2. Matrices representing 3- and 5-phase Systems.........cccccceevviiiiieeniienceinneenieeeennens 194
APPENAIX B ..o e 207
B1. Possible slot/Pole combinations for 3- and 5- phase machines.............ccceucunee.e. 207
B2. Carter’s COIICIENL ........ccceecieeiiieieeireeee et s nas 208
B3. Winding configuration...........cccccecerruerieririrneinieennenseesversssesssessssessessessssssassseens 209
APPENAIX € ...ttt ettt e st e te st e s e sae st s st e s e e st s e sbe e besha e banseebeannens 211
Permanent magnet motor performance............ccceeevevveerceeniiennniennennieeneneereeeseessaennns 211
APPENAIX D ...ttt et ree e s s e e st e e e re e be e ere s snnesaesennenneen 212
Capacitor core temperature calculation..........ccocceeveeeriereieriieeererrereereees e ee e esaeenns 212
APPENAIX E ...ttt sae s et sa e e b s b ebeenenbes 217
Overall experimental SyStem 1ayOuL............cocveeveeereereererrreereneecerseerereeseessessessesane 217
APPEIAIX F.....reeee ettt st s s ene e e s seesae et eeae s e e s e b e re b e s e e s e enesaneresaeenes 218
List OF FIGUIE....ccveieiieieccinenineeentieetncerstes et estesseseesaesst st esuesse st sstesnessessasansnessans 218
APPENAIX G ...ceeeereceecreieeesesserete st essressteesaeseseessseesaeessaesesteesseesseasssevenasenassnaessasnaes 227
List Of TADIES......ccoriiviiiriiiiiitiincintitnissinnestesssnsese s seesaeseessessesessesessensssnssesesses 227
APPENAIX Hi. .ot eetrseesresesnssne e e s snesae st s ssesnesanssnssnessesnessensessessanns 230
List Of pUBLICAtIONS......ccccvuiinvinciiniiiinisiinintsentssentnset e sressessesressessesessessessesssans 230



Abstract:

This thesis compares the performance of 5- and 3-phase PM generators connected to a
diode bridge rectifier under normal and open-circuit failure conditions. Also it describes
the design of 5- and 3-phase prototype PM generators with the same volume and rated
speed. The permanent magnet generator has advantages such as: simple construction. no
excitation field winding, low maintenance cost. The advantages of using diode bridge

rectifiers are simplicity and cost.

A simulation model is developed for 5- and 3-phase systems that includes the generator
self- and mutual-inductance and phase resistance. The developed model demonstrates
the effect that both self- and mutual-inductance have on the 5-phase system including an
important reduction in the shaft torque ripple. The 5-phase system displays considerably
lower peak-to-peak shaft torque ripple compared to three-phase system. Also it is shown
that the five-phase system can use a lower value of capacitance for the same output
voltage ripple. In addition, the 5-phase system requires diodes with lower current ratings
compared to the 3-phase system. The operation and performance of the 5- and 3-phase
systems under open-circuit phase failure is assessed and discussed. It is shown that in
terms of shaft torque ripple the 5-phase system has a performance superior to the 3-
phase system. With two open-circuit phase failures, the 5-phase system has adjacent and
non-adjacent open-circuit failure modes. Non-adjacent failures are shown to produce a
less extreme operating condition compared to adjacent phase failures in terms of torque

ripple and dc output voltage ripple.

The rms current in the dc link capacitor is discussed for the 5-phase and 3-phase
systems under normal and failure conditions. If, under normal conditions, the capacitor
is specified to give the same output voltage ripple in the 5- and 3-phase system, then
during open-circuit failure, the 5-phase system displays a larger per-unit increase in rms
current in the dc link capacitor compared to the 3-phase system. For systems making
use of the fault tolerance of the S5-phase generator, the specification of the dc link

capacitor becomes driven by the rms current during the fault.

Simulation and FEA results are verified by experiments on practical 5- and 3-phase

prototype generators. Good agreement is observed.
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Wind energy is converted to electrical energy using an electrical generator connected
either directly, or via a gearbox, to the wind turbine’s aerodynamic system as shown in
figure 1.1. Energy generation depends on the electromechanical energy conversion
process. There are inherent maintenance requirements associated with the power take-
off from the aerodynamic system and some of these requirements are associated with

the electrical generator.

Electrical generators, used with wind turbines, are varied: direct current generators,
induction generators, synchronous generators, reluctance generators and permanent
magnet generators have all been proposed. Direct current generators and synchronous
generators require brush maintenance especially in applications at high altitude or where
dusts and high wind can damage the brushes. Permanent magnet generators are the
machine of choice in small wind turbines offering simple construction, low maintenance

costs and self-exciting ability [1.3]-[1.6]

Diode bridge rectifiers are used in conjunction with permanent magnet generators to
produce DC power from the generator’s AC output. Diode rectifiers have the advantage
of low cost and simplicity. However, diode rectifiers cause torque ripple and output
voltage ripple and these reduce the performance of the generation system (blade system,
generator and rectifier). Nonetheless, most small-scale wind turbines use a three-phase
PM generator connected to a diode rectifier. The generation system is coupled to a grid-

connect inverter or is connected to a dc load with an associated load controller.

The study of multi-phase permanent magnet machines as generators in small-scale wind
turbines is a new topic. There is need for research investigating the performance of
multi-phase PM generators connected to diode bridge rectifiers. This includes basic
analysis of the performance of the system compared to traditional three-phase systems.

This is one objective of the research reported in this thesis.

(9]



1.2 Wind turbine characteristics

The aerodynamic power generated by a wind turbine is [1.7]-[1.9]:

P=0.5p4,CV’ (1.1)
where
p = density of air (kg/m?)
A5, = swept area of the blade system (m?)
C, = performance coefficient
V' = wind speed (ms'l)
The torque generated by the turbine is:

r=L  (m (1.2)
(0

where w; is the mechanical rotor speed of the wind turbine. (rad s

The performance coefficient, C,. is a function of tip-speed ratio (TSR) where

o, R
V

TSR = (1.3)

and R is the radius of the wind turbine rotor (m). Figure 1.2 shows a typical C, versus
TSR curve for a small-scale wind turbine assessed in a wind-tunnel. The C,
characteristic has a peak value and the wind turbine should operate at the peak C, for a

given wind speed in order to generate maximum power.

During start-up, when the rotor speed is low, the TSR is small thus the aerodynamic
torque is small. For this reason, in the case of direct connection of the permanent
magnet generator to the aerodynamic system, the generator must have low cogging

torque to allow the turbine to start.

(9]
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Figure 1.2. Cp versus tip speed ratio curve for the Rutland 913 wind turbine at an

incident wind speed of 13.9ms™

Figure 1.3 shows a measured wind turbine power curve for a Rutland 913 turbine with
an incident wind speed of 13.9ms™. The system should operate at a shaft speed that
gives the maximum power, point A (475W at a speed of 125rpm). If the load power is
reduced, for example, as a result of an open circuit failure in the generator, the speed of
the turbine blade will increase to compensate the reduction in the output power. For
example, if the power is reduced from 475W at the maximum power. point A, to 325W
at point B, the rotational speed of the blade system will increase from 125rpm to
200rpm. If the maximum point tracker is in use, the control system will track the
maximum point and return the system to point A by increasing output power. The
response of the tracker depends on many factors, for example, the inertia of the drive
train and blade system. In this research, the response of the aerodynamic system to the
change output power is assumed to be slow and the speed of the shaft at the time of

failure is assumed to remain constant during the fault.
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Figure 1.3. Measured wind turbine power curve for the Rutland 913 wind turbine at an

incident wind speed of 13.9ms™

1.3 Permanent Magnet machines:

The term ‘permanent magnet machine’ is used to include all electromagnetic energy
conversion devices in which the magnetic excitation is supplied by permanent magnets.

Energy converters using permanent magnets come in a variety of configurations.

Today, most small-scale wind turbines are permanent magnet generators. Thce
permanent magnet generators are usually either axial- or radial- flux machines. Radial-
flux permanent-magnet generators may be divided into two types according to the
magnet location; surface mount PM machines and interior PM machines [1.10, 1.11].

The subject of this thesis is radial-flux machines with surface-mounted magnets.

1.4 Multi-phase generators

Most wind generators generate three phase electrical power. Three-phase generators
have been extensively researched however multi-phase generators are relatively new.
Multi-phase generators have some potential advantages compared to three-phase such
as; low phase current, higher output power density and low torque ripple. Disadvantagces
are higher space harmonics, an increase in the number of the connections to the machine
and their poor commercial availability. In this research five-phase and three-phase PM

generators are compared and their advantages and disadvantages identificd.



1.5 Multi-phase PM generators with diode bridge-rectifiers

Analysis of multi-phase permanent magnet generators connected to diode bridge
rectifiers is new. The advantages of using diode bridge rectifiers are simplicity and cost.
There are no existing mathematical models presented for multi-phase permanent magnet
generators connected to diode bridge rectifiers. Fundamental research is presented
investigating the operation of five-phase generators with associated full-bridge. diode

rectifier circuits.

1.6 Motivation for the research

The permanent magnet machine is the machine of choice in small wind turbines,
offering a simple generating mechanism and excellent power density. Typically the
output from the PM generator is rectified and the dc link voltage processed using power
electronics-based converters and inverters to provide the desired output. The advantages
of using a diode bridge rectifier rather than full or partial-field-oriented control are

simplicity and cost.

Using a three phase PM generator with a rectifier is common in small-scale systems, but
has some disadvantages, such as high torque ripple and output voltage ripple which
affects the performance of the generator system. Using a generator which has more than
three-phases may improve the generator performance. One objective of this research is
to assess the improvement in performance of the generation system that uses a diode

rectifier connected to multi-phase PM generator.

Another objective of this research is to design and model a five-phase generator
connected to a diode bridge rectifier with dc link capacitor and resistive load. In
addition, this research investigates the impact the five-phase system has on system
losses including copper loss, rectifier diode losses and iron losses. Other aims of this
research are to study the behaviour of the systems under open-circuit failure of one or

more phases of the generator and to assess the impact this has on system performance.

It is important to present a fair comparison between 3- and 5-phase generators. In this

thesis, each generator has been constructed using the same stator lamination design



(which has 30 slots) and the same 4-pole rotor. Both machines will generate the same

rectified output voltage at full load with the same prime-mover speed.

1.7 Scope of the thesis

Multi-phase PM generators feeding electrical power through diode rectifiers has not
attracted significant research. This thesis concentrates on performance analysis of an
isolated three and five-phase permanent magnet generator with bridge rectifier and
constant load.

This thesis covers:
e the design of the prototype five-and three- phase PM generators,

e the modelling of the five-phase permanent magnet generator with a diode bridge
rectifier,
o the effect of the self- and mutual-inductance of the generator phase windings on
the performance of the system,
e the operation of the five-phase and three-phase generators with single and two-
phase open-circuit phase failures, and
¢ the requirements and specification of the DC-link capacitor.
Chapter two reviews relative literature associated with the research.
Chapter three develops a model of three- and five-phase permanent magnet generators
connected to diode bridge rectifiers. The developed model uses pulse functions. Also
the effect of the phase inductance of the generator on the performance of the system is
studied. The model is verified using PSpice.
In chapter four the design of both generators is presented analytically and using FEA
software.
Chapter five details the experimental performance of the five- and three-phase systems
with diode bridge rectifiers under full load and compares this to FEA simulation.
In chapter six, open-circuit phase failures are considered for both systems. Simulation
and experimental test results demonstrate the advantages of the five-phase system over
its three-phase counterpart.
In chapter seven an assessment is made of the required DC-link capacitor current. This
demonstrates the rms dc link capacitor current under normal conditions and with open-
circuit phase failures.

Conclusions and future directions are presented in chapter eight.
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Chapter 2

Literature review

2.1 Introduction

The scope of this thesis covers the design of a five-phase permanent magnet generator.
and the operation of the generator with a diode bridge rectifier with DC link storage. It
is focussed on wind turbine applications of the system and particularly under normal
and generator open-circuit failure conditions. In this chapter. existing relevant literature
is introduced, which is classified into:

1. Theory and analysis of the diode bridge rectifier.

2. Operation, analysis and design of permanent magnet machines.

2.2 Theory and analysis of the diode bridge rectifier

Diodes perform various functions in power circuits, including switching in rectifiers,
anti-parallel ‘freewheel’ diodes to protect semiconductor switches in switched-mode

circuits, or to avoid charge reversal of capacitors [2.1].

The diode is widely used in rectifier circuits to convert ac to dc power. Figure (2.1)

shows types of diode rectifier circuits.

Diode rectifier circuit

l * 1
Single-phase Multi-phase
—
[ l l
Half-wave Full-wave Multi-star Bridge-rectifier

Figure 2.1. Type of diode rectifier circuits, showing single- and multi-phase types.



The single-phase, half-wave rectifier has only one diode as shown in figure 2.2(a). and
single phase full-wave rectifier has four diodes as shown in figure 2.2(b). The single-
phase, full-wave rectifier has advantages compared to single-phase half-wave rectifier,
such as low ripple factor, higher efficiency and no dc component which can contribute
to dc saturation in transformer cores [2.1]. In the multi-star rectifier circuit each phase
has one diode as shown in figure 2.3(a). Each phase conducts for (27 /g) radians, where
q is the number of phases and the fundamental output frequency is g xf Hz. Figure 2.3(b)
shows multi-phase diode bridge rectifier, each phase has two diodes and the output
frequency is 2qxf Hz, where fis the source frequency and g is the number of phases. In

a similar fashion to single-phase circuits, the multi-phase diode bridge-rectifier has

advantages compared to the multi-star configuration.

Ac current

lallal

T 2z

Diode

vona
S RL h m wd ac @
AC 3

(a) (b)
Figure 2.2. Single phase diode rectifier circuits, showing (a) half wave (b) full wave

rectifier (diode-bridge).

Output
v voitage
1 D201 i

4=

-—dp

A

v
]
[l

[+
N
3

PPT IR, S—

(a) (b)

Figure 2.3. Multi-phase rectifier circuits, showing (a) multi-star n-phase rectifier and (b)
n-phase bridge rectifier.
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In this thesis literature on multi-phase diode bridge rectifiers is reviewed. Most
literature focuses on three-phase bridge rectifiers. The three-phase diode bridge rectifier
is a six-plus rectifier and the fundamental frequency of the dc voltage is six times the

input frequency.

Line current harmonics are an issue in diode rectifiers as they affect the efficiency of the
rectifier and increase the rms ac supply current for the same load. Researchers have

studied and improved methods of reducing the current harmonics.

M. Sakui and M. Shiya [2.2] presented a new method to calculate the ac current
harmonics. The method is based on the frequency domain and rectifier switching
function. The Fourier series is used to analyse the switching function. The method
assumes the source voltage is balanced and there is a dc filter. Calculating the ac line
current harmonics, when the power supply is unbalanced, is presented by M. Sakui and
H. Fuyjita [2.3]. They used the frequency domain and switching functions. The
unbalanced power supply is taken into account when the switching function is created

by changing the angle of ‘continuing’ period when the diode is forward biased.

An analytical method to calculate the ac current harmonics with the effect of the phase
impedance with both continuous and discontinuous ac current is proposed in [2.4]. The
main conclusion is that larger values of phase impedance produce more continuous ac
current. The paper is based on the frequency domain and switching function technique.
It shows that the harmonic components from continuous and discontinuous modes are
not the same, with the continuous modes displaying lower harmonic values compared to

discontinuous modes.

There are many methods to reduce current harmonics in the three-phase rectifier. W. B.
Lawrance and W. Miedyslaw [2.5] presents a novel method to reduce the harmonic
currents. The method is based on injection of third harmonic currents into the neutral
point of the supply transformer. They also used passive LC filters between the rectifier

output and secondary neutral point to act as third harmonic current sources.
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The harmonics become lower as the number of rectifier pulses increases. Increasing the
number of phases smoothes the output DC voltage before filtering. Many researchers
have presented and discussed rectifiers with more than three-phases. S. Choi e al. [2.6]
presented 24-pulse diode rectifiers for high power ac motor drives. Two new 24-pulse
rectifier systems were proposed. They transformed conventional 12-pulse rectifier to a
24-pulse rectifier by using a tapped interface transformer. The fifth, seventh, eleventh,

thirteenth, seventeenth and nineteenth harmonic current in the input lines are eliminated.

Detecting a diode failure in the three phase alternator is presented in [2.7]. Diodes can
fail in one of two ways; open circuit or short circuit. It showed that an open-circuit
diode introduces a significant change in ac ripple of the output current and in the case of
a diode short circuit the output is severely affected. It is also shows that the system can
still operate safely with a diode failing open circuit but cannot operate safely if the
diode fails short circuit. Table 2.1 shows the harmonic content of the dc output current
relative to dc content. It is shows that the harmonic components of the dc output current

change with the condition of the diode. The load in this case is the alternator’s exciter

(inductive load).

Table 2.1 Harmonic content of the dc output current relative to dc magnitude for the

three-phase bridge rectifier connected to alternator’s exciter.

Bridge intact Diode open-circuit Diode short-open circuit
Fundamental 0.3% 17.0% 92.0%
2" harmonic 0.1% 20.0% 33.0%
3" harmonic 0.1% 14.0% 10.5%
4% harmonic 0.1% 5.0% 8.0%
5™ harmonic 0.1% 2.6% 13.0%
[ 6™ harmonic 2.2% 4.7% 17.0%

2.3 Operation, analysis and design of permanent magnet machines

Permanent magnet machines can be classified into three categories: permanent magnet

commutator dc motors (PMCDC), permanent magnet brushless dc motors (BLDCM)
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and permanent magnet ac synchronous motors (PMSM) [2.8]. The PNCDC motor is
similar to a dc motor in construction but the excitation system is replaced by permanent
magnets. The BLDC and PMSM design procedures are similar. They can be single or
multi-phase. The differences between BLDC and PMSM are primarily the back-emt
waveforms and the method of controlling the machine. The BLDC machine tvpically
has a trapezoidal back-emf waveform, and PMSM machine has near sine-wave back-
emf. The two machines do not need a commutator which reduces maintenance and
improves reliability. P. Pillay and R. Krishana [2.9] present a comparison of PMSM and
BLDC machines. They found that if the copper losses of the PMSM and BLDCM are
equal, then the BLDC is capable of 15% higher power density: however it is shown that
the ripple torque of the BLDC is higher than that of the PMSM.

During the last decade, permanent magnet material has been developing rapidly.
According to their basic chemical composition. the permanent magnet material can be
grouped into Alnicos, ceramics, and rare earth magnets [2.10]. To maximize the
achievable magnetic field energy, permanent magnet materials are designed to have a
wide magnetic hysteresis loop [2.11]. The hysteresis loop is divided into magnetization
and demagnetization regions. The demagnetization region is used to define the basic
performance of a permanent magnet material. Figure 2.4 shows the demagnetization
curve of a permanent magnet material. The figure shows both the normal and the
intrinsic curve. Only the normal curve is required to determine the operating point of the

magnetic field system, [2.11].

w

h- [/}
Magnetic Fiux Density (B) (kG)

n

o

22 20 18 16 14 12 10 8 6 4 2 0
Magnetic Field Intensity (H) (kOe)

Figure 2.4. Demagnetization curve for NdFeB at 20°C. showing both intrinsic and

normal curves. [Ref. [2.11], p1.5, figure 1.25].
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The improvements in permanent magnet materials. energy product and high temperature
operation, has led researchers to investigate how these new materials can be applicd in
permanent magnet machines. Research has concentrated on the design. performance and

control when the permanent magnet machine is operated as a motor.

Permanent magnet machines are usually axial or radial flux machines and this refers to
the orientation of the flux in the air-gap. The radial-flux permanent-magnet machine can
be used for low speed as well as high speed and can have surface mounted and interior

magnet rotor [2.12]. Figure 2.5 shows types of radial-flux permanent magnet rotors.

(a) (b)
(c) (d)

Figure 2.5. Type of radial-flux permanent magnet, showing four configuration (a) 4-
pole surface-mount (b) skewed magnet arcs (c) ring magnet topology (d)

2-pole interior magnet design [Ref .[2.12]. p3-7, figure 3.1].

In this thesis some of the relevant literature on the design of the permanent magnet
machine is discussed though there are many research papers in this field. Most research
work on PM machine design concentrates on improving the performance of the machine

by improving the magnet design, the shape of the magnet, the analvsis of the magnetic
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circuit and reducing the cogging torque and the losses. The permanent magnet literature
in this thesis is divided into:

1. The design of magnetic circuits [2.13] to [2.22].

2. The study and reduction of cogging torque [2.23] to [2.25].

3. The modeling and analysis of the pm machine [2.26] to [2.32], and

4. Five-phase permanent magnet machine research [2.33] to [2.36].

2.3.1 Design of permanent magnet machines

The permanent magnet machine operates as a motor when it is supplied by an external
electrical power supply (sinusoidal or trapezoidal waveform voltage), or a generator
when driven by an external prime-mover. for example. a wind turbine. The two types of
machine have a similar design procedure. First. relevant permanent magnet motor
design literature is reviewed. Second, literature on the design of permanent magnet

generators is discussed.

i- Permanent magnet motor design

The electromagnetic circuit and flux density distribution is described using a 2D
equation by Z. Q. Zhu and D. Howe [2.13]. The equation representing the instantaneous
flux density in the air-gap due to the presence of the permanent magnets is presented
and improved. The instantaneous flux density in the air-gap due to armature current is
presented by the same authors in a second paper [2.14]. The effects of the slots and load
current on the instantaneous flux density in the air-gap are presented in [2.15] and [2.16]
respectively. These papers, [2.13] to [2.16], present complete analytical equations for
flux density in the air-gap which can be used in computer software to investigate the
effect of the permanent magnet machine dimensions. It can also be used to predict the

back-emf waveforms.

Many researchers use finite element analysis for electromagnetic systems. These
techniques can help reduce design time and can assist in accurately determining and
optimising performance through design. Z.Q .Zhu et al. [2.17] presented the application
of finite-element analysis to both linear and rotary permanent-magnet brushless

machines, with particular emphasis on the calculation of iron loss, eddy current loss in
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the magnets. In the motor with surface-mounted magnets, the inductance in the g-axis is
slightly larger than the inductance in d-axis due to different saturation levels in d- and g-
axis magnetic circuits. The results show that at low speed the iron loss on-load is higher
than the no-load loss and at speeds slightly above rated speed, the iron loss on-load is
lower than the no-load. It is also shown that the on-load iron loss in the surface-mount
machine is lower than for the other machine topologies. The cogging torque can be

reduced to less than 5% of the rated torque by optimising the width of the teeth.

M. A. Alhamadi and N. A. Demerdash [2.18] present a method of skewing a permanent
magnet motor using 2D finite elements. The machine is divided into 9-sections as
shown in figure 2.6 and FE solution for each section obtained. The average flux density
waveform for the 9-sections is then calculated. The result shows agreement between
practical and multi-section FEA model (about 3.4% difference). Using multi-section 2D
FE analysis skew can be used to refine the design of permanent magnet machines with
skewed magnets. However, skewing presents the manufacturers with difficulties in mass

production which leads to an increase in the cost.

Z-axs

08 04 00 04 08

Figure 2.6. Schematic of a skew-mounted magnet on the rotor, showing 9-section used
in FE analysis [2.18].

ii- Permanent magnet generator design

Permanent magnet generator design has been presented by several researchers for use in
wind turbine and special purpose applications such as the aerospace field. J. Chen et al.
[2.19] described an outer-rotor permanent-magnet generator. It is designed for multi-
pole, low-speed power conversion for stand-alone applications (20kW, 170rpm). In
addition, they developed design principles and equations. They used finite-element for
detailed analysis and fine adjustment of the design. The result shows that a PM
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generator with simple construction can operate with good performance over a wide
range of speeds, 70-200 rpm. In [2.20] M. Comanescu, A. Keyhani and M. Dai
presented a design methodology for a three-phase permanent-magnet synchronous
alternator. A three-phase 1800rpm permanent magnet synchronous alternator supplying
a 2.5kW, 42 V dc load was designed to be used in an automotive electric system. An
equivalent circuit model (reluctance model) of the PM machine was developed. The
design was assessed using FE analysis at no-load and full load. The results show that

stator currents increase the flux density and distortion of the air-gap field.

C. Zwyssig et al.[2.21] present the design of a high speed 100W, 500 000rpm PM
generator for mesoscale gas turbines. In addition, they calculated the losses in the
copper winding due to the high frequency currents and magnetic field from the
permanent magnet. The total copper losses are reduced by choosing an appropriately
sized wire. They compare different magnetic materials to minimise the stator core
losses. The torque of 1.9mNm can be produced by either a sinusoidal current of 4.1A
peak or a square-wave current with an amplitude of 3.7A. The sinusoidal current

produces constant torque. The core loss of 1.2W at 10 kHz is calculated using (2.1)

R,.=C,f*B, 2.1)
where Cn, @ and f are parameters taken directly from the datasheet of material, f is

frequency and B,, is magnetic flux density .

H. Jussila et al. [2.22] produced guidelines for designing concentrated winding,
fractional-slot, permanent magnet machines. If the number of slots per pole per phase,
q, is not an integer the winding is called a fractional slot winding.

_ number of slots 22)
7= pumber of poles x number of phase '

Fractional-slots PM synchronous machines are better suited to low speed applications as
they suffer from rotor losses at high-speed. Fractional slot machines also have short end
windings. In [2.22] they found that with ¢ = 0.4 the machine has a relatively good
winding factor. It is also potentially the best design for low cogging torque.
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2.3.2 The study and reduction of cogging torque

Cogging torque is produced in a permanent magnet machine as a result of the change in
the air-gap reluctance due to the presence of stator slots. The effect of the cogging
torque is additive to the total machine torque and can impact on the ability of the
machine to self-start. It also contributes to noise and mechanical vibration. Many
methods to reduce the cogging torque have been reported. T. Li and G. Slemon [2.23],
proposed a design method to reduce the cogging torque to an acceptable level without
skewing the slot teeth. The method is based on appropriate selection of machine
dimensions. The cogging torque may be reduced by appropriate choice of the magnet
pitch relative to the slot pitch. Also by rotating one pair of poles relative to the other

pair the cogging torque can be reduced to 0.3% of rated torque value.

A study of the influence of design parameters on cogging torque in permanent magnet
machines is presented by Z. Q. Zhu and D. Howe [2.24]. They investigated the effect of
the slot and pole number combination on the cogging torque. The results showed that
the overlapping concentrated stator winding produced approximately twice the cogging

torque compared to the non-overlapping concentrated winding.

Reduction of cogging torque in interior magnet machines is investigated by Z.Q. Zhu et
al. [2.25]. A machine with four interior PM poles and a 6-slot, short-pitched stator and a
12-slot, full-pitched stator winding was compared. Negligible cogging torque in the
surface-mounted magnet, interior rotor machine is achievable by selecting an optimum

magnet pole-arc to pole-pitch ratio.

In this thesis the cogging torque is reduced by using a combination of the two methods,
reported in [2.24] and [2.25], these being the use of fractional-slot windings and a 120°
magnet pole-arc.

2.3.3 Modeling and analysis

Modeling and simulation of pm machines to study the performance either under steady

state or transient condition is important particularly for design optimization. Modeling
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literature is divided here into two; modeling motors. which includes the drive control of

the machine [2.26] - [2.28]. and modelling generators [2.29] - [2.32].

i- Modeling and analysis as motor

The papers reviewed here introduce techniques that are adapted for use in the research

reported in this thesis. There are many other papers available in this area.

P. Pillay and R. Krishana [2.26] present the modeling, simulation, and analysis of a
vector-controlled brushless DC motor drive. The mathematical model of a BDCM is
developed. The simulation included the state-space model of the motor and speed
controller and a real-time model of the inverter switches. The paper also presents the
operation of hysteresis and PWM current controllers and the structure of the drive
system. C. C. Chan et al. [2.27] presents a novel 5-phase multi-pole square-wave PM
motor drive. They described the motor configuration, the equivalent model and the
design topology. The electromagnetic-field analysis of the motor was performed using
FEA. Also the current ripple and torque pulsation is investigated using the state-space
model of the motor as well as the real-time models of the speed controller, current
controller, and inverter switches. The design and evaluation of a poly-phase brushless
dc machine direct drive system suitable for high performance are presented by M.
Godoy ef al. [2.28]. A five-phase motor is designed with 60 stator slots, double-layer

lap winding configuration with a 12-pole rotor.

ii- Modeling and analysis as a generator

In the eighties, researchers considered permanent magnet machines as isolated
generators in wind turbines. This research studied the performance of three-phase
permanent magnet generators using different methods. Only a few study the

performance of five-phase permanent magnet generators.
A. A. Arkadan er al. [2.29] presented a computer-aided method to study the effect of

stator teeth on the eddy current loss in the stator conductors, and the core losses in the

lamination of a 3-phsae, 75kVA, 208V, 24000rpm, two pole, permanent magnet
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generator. The method is based on a magnetic field solution using radial and tangential
flux density components and associated harmonics throughout the machine cross-
section including the stator conductor regions. Two designs were presented; a toothless
design and conventional stator design. The results show that core loss in the
conventional design, with teeth, is approximately 56% higher than the toothless design.
However, the toothless machine has lower power density compared to the machine with
teeth. For this reason, in the research reported in this thesis the generator is designed

with teeth.

A computer aided method is presented by A. A. Arkadan ef al. [2.30] which can analyse
and predict the dynamic performance of a 3-phase permanent magnet generator
connected to a rectifier load system with multiple damping circuits. They used the
natural abc frame of reference. A diode failing short-circuit followed by open circuit is
simulated. The unbalanced condition resulting from diode failure causes a decrease in

power output delivered to the load.

R. Krishan and G. H. Rim [2.31] described a variable-speed constant frequency (VSCF)
technique applied to a permanent magnet brushless generator; the scheme is modeled in
the steady-state by integrating the characteristic equation of the generator, the diode
rectifier bridge, inverter, and harmonic characteristic for steady-state performance
computation. The commutation overlap angle, u, effect is also included which is

calculated using (2.3).

_ [az(L-M)
#—\/—3k I, 23)

p

where L, M and I, are self inductance, mutual inductance and dc current respectively.

K, is voltage constant of the machine which equals

k

P

Y 2.9)
w"

where ¥, and o) are peak phase voltage at rated speed and rated speed respectively.
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Theoretical data is correlated with results from an experimental prototvpe. The results
show that efficiency is proportional to speed. It is also shows that the reactive power

decreases as speed increases.

B. Sarlioglu and T. A. Lipo [2.32] explored, by using relevant power electronic circuits,
the characterization of power production capability of the doubly-salient PM
synchronous generator under load conditions. The problem of deriving dc power from a
double salient synchronous permanent magnet generator through a typical bridge
rectifier and a boost converter with hysteresis controller is also presented. They found
that more power output is obtained by using a boost converter than using a bridge

rectifier.

2.3.4 Five-phase permanent magnet generators

Multi-phase permanent magnet machines are used as drive motors [2.33]. The three-
phase machine is used in a wide range of generator applications. for example. most
commercial wind generators use three phase generators. Three-phase generators have
been researched extensively, but higher phase number generators are an emerging area.
Multi-phase generators have some advantages compared to three-phase such as: lower
phase current, higher output power and lower torque ripple. Disadvantages include a
more complex control algorithm under vector control. However, little work is reported

for five-phase permanent magnet machines operated as generators.

Analysis of a five-phase rectifier is presented by B. Zhang and S. D. Pekarek [2.34].
They investigated the steady-state behaviour of S5-phase diode rectifiers for both a
voltage source with source inductance and a synchronous machine. The output dc

voltage at no-load has a value calculated using (2.5).

V, = I—O—E-sin(%) (2.5)

y/4

where E is maximum phase voltage.
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The operating modes of a S5-phase diode rectifier are shown in Table 2.2. Table 2.2
shows the mode sequence and the corresponding number of conducting diodes in 36°
(electrical degrees). Mode 1 occurs when the commutation angle is between 0° and 36°
and the dc output current is less than 0.07 of the short circuit current, I, calculated

using (2.6).

E

L, =1.61827ﬂC

(2.6)

where fand L. are source frequency and supply inductance (phase) respectively.

If the dc current is increased, other modes are entered. The results show that the 5-phase
rectifier has higher average output voltage, 13.1% higher. compared to the 3-phase
system, with the same back-emf amplitude and commutating inductance when the
source is an ideal voltage source and the load is light. The short circuit current in the 5-
phase rectifier is approximately 61.8% higher than the 3-phase. In the case where the
source is a synchronous machine the system regulation depends on the phase self- and
mutual-inductance of generator. The result shows that the output voltage of the 5-phase

synchronous system is lower than 3-phase system during operating modes 3 to 7.

Table 2.2. Operating modes of 5-phase rectifier system.

Operation Number. of diodes conducting
mode

1 2-3

2 3

3 3-4

4 3-4-5-4

5 4-5

6 5

7 5-6
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L.A. Pereira and V. M. Canalli [2.35] have presented the design and determined the
main parameters of a five-phase permanent-magnet machine operating as a generator
using a rectifier bridge, and feeding a resistive load. Self and mutual inductance were
calculated from the flux the stator field produced with one phase acting alone. The
mutual inductance has two values, one between adjacent phases, whose values is 0.15 of
the self inductance, and between non-adjacent phases, which is 0.46 of the self
inductance. The main parameters were determined from static finite-element method
solution. At full-load ac current the output dc voltage decreases to approximately 80%
of the no-load voltage. The calculated output dc voltage ripple is 20%. The work does

not consider the behaviour of the machine under failure conditions.

H. W. Lee et al. [2.36] presented a new technique to maximize the power density and
minimize the size and weight of a multi-phase BLDC generator. The technique is based
on controlling each current and induced EMF harmonics. A simple algebraic method is
used to remove zero-sequence components from induced the EMF. A five-phase and a
three-phase machine were selected as examples of multi-phase BLDC generators. The
results show an increase of 43% in power output power using the new control method

which can reduce the weight and the volume by the same percentage.

2.4 Summary

A review of diode-based rectifier circuits has been provided. A brief literature review of
permanent magnet machine research, including machine design and operation, has been
presented. A five-phase permanent magnet machine used as a generator is a new area
and there are few publications. Most existing literature addresses three-phase systems.
This thesis reports research on five-phase permanent magnet generators feeding diode
rectifiers. This type of system can potentially offer low ripple torque and lower rms ac
generator current and smoother output dc voltage (or lower dc link capacitance

requirements).

The main objective of this work is to study the performance of a five-phase permanent

magnet generator feeding a diode bridge rectifier and to compare with the conventional
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three-phase system. The output dc power and voltage for the two systems are designed

to be the same.

The scientific contribution of the research reported in the thesis can be summarized as

follows:

A general model for the five-phase permanent magnet with diode rectifier
including the effects of resistance and self- and mutual-inductances 1is
presented.

Design of a five-phase permanent magnet generator with fractional pitch
winding arrangement is described.

A comparison is made between the performance of five- and three-phase
permanent magnet generators feeding diode rectifiers with the same dc output
power and volume.

The performance of five-phase permanent magnet generators systems under
open circuit failure (one phase out and two phases out) is researched.

The rms current in the dc link capacitor of the five- and three-phase systems

under normal and open-circuit failure modes is assessed.
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Chapter 3

Analysis and modelling of five-phase system

3.1 Introduction

The three-phase full-wave diode bridge rectifier is extensively used due to its
advantages compared to the single-phase rectifier. These advantages include lower line
harmonics and lower dc output voltage ripple. On the other hand, higher phase number
full-wave diode bridge rectifiers are sometimes used for example. five-phase, six-phase
and nine-phase variants. The six-phase rectifier uses a transformer with two secondary
windings phase displaced by 30° from each other and is often used in high voltage and
high power applications [3.1]. The five-phase full-wave diode bridge rectifier is
attracting research; it represents a middle ground between the three-phase and six-phase
versions. The advantages of the five-phase diode bridge rectifier when compared with
three-phase are lower output ripple and rms phase current [3.2]. The cost of diodes may
be higher (as there are 10 compared to 6) but the dc link capacitor requirement is lower

leading to a potentially cheaper and more compact system.

In this chapter the modelling of three and five-phase diode rectifier system is described.
Simulation models of three- and five-phase systems are developed and include mutual
inductances of the permanent magnet generator. Mutual inductance has not previously
been considered in rectifier analysis but is shown here to have important consequences
on the operation and performance of three- and five-phase systems. This is one
contribution of this research. In the five-phase system both adjacent and non-adjacent

mutual inductance is modelled.

The three-phase diode rectifier connected to an ac supply is discussed in section 3.2.
Operation is considered with an ideal source model and with a source model that
includes the inductances of the generator. The operation of a five-phase diode rectifier is
presented in section 3.3 with an ideal ac source model and with a source model that

includes the inductances of the generator. The effect of inductance on the dc output
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voltage and generator phase currents are considered assuming a constant load current

with no dc link capacitor.

Dedicated simulation models for five- and three-phase systems are developed in section
3.4. The models help demonstrate, by analysis, the impact of self- and mutual-
inductance on the performance of the systems. The models therefore include the self-
and mutual inductance of the generators. In section 3.5 the developed models are

validated using PSpice and also with practical data in chapter 5.

The performance of the generator is presented in section 3.6 with and without the self-
and mutual-inductance. This demonstrates the impact of modelling mutual inductance

during rectifier commutation.

3.2 Analysis of the three-phase diode bridge rectifier

The analysis of the three-phase rectifier is performed for two cases. In the first case the
resistance and inductance of the generator are neglected (the ideal case), Section 3.2.1.

In the second case the inductance of the generator are taken into account, Section 3.2.2.

3.2.1 The ideal case

Reported research analyses the three-phase system under ideal conditions, for example
[3.3]-[3.5], as the rectifier is supplied by a transformer which has low phase inductance.
This is not the case when a diode rectifier is coupled to a generator system that has
significant phase inductance, for example, a small-scale wind generator. In the ideal

case there are three assumptions made:

1. The source is a balanced sine wave,
2. diode losses are neglected, and

3. the dc load is replaced by a constant dc current sink.



The supply phase voltages are assumed as
E, =V, sin(at)

2
E, =V,,,sin(wt——;-) 3.1)
E =V, sin(wt—%}—r-)

where V,, is the amplitude of the phase voltage and represents the phase back emf.

In diode bridge rectifier circuits, the two phases displaying the largest line-to-line

voltage conduct [3.1]. The line voltages are

E,=E,-E =3V, sin(at +%)
E, =E,—E, =3V, sin(at - % ) (3.2)
E, =E,—E, =3V, sin(ot —7?”)

Figure 3.1 shows the line voltages which have a peak value of 3V,

'\\ e Ke / \\\ e o
N L y

0 30 60 90 120 150 180

Angular position (Electrical degrees)

Figure 3.1. Line voltage waveforms for a three-phase system over 180° (electrical).
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After full-wave rectification by the diode rectifier, the output voltage has a fundamental
frequency component equal to six times the input frequency. Figure 3.2 shows the

output voltage waveform.

LT/

wl

A 4

¢ T

N3

Figure 3.2. The output voltage of the three-phase full-bridge rectifier.

The average dc output voltage V. for three-phase system is calculated using one n/3
pertod as shown in figure 3.3.

Vdc
N
1.732V,,

s | Y

wt

A4

n/6 /3 m/2

Figure 3.3. Output dc voltage showing the period between n/6 and n/2.

Using the period between 30° (n/6 rad) and 90° (n/2 rad) the average value of the output

dc voltage is [3.2].

nl2
Vd=3 [V/3V,, cos wrdort =1.6547, (3.3)
/4

n/6
During the period between 30° and 90°, the output voltage from the rectifier is Eq.

Hence, the output voltage at ot = n/6 is



tsd
N
N

E, =1732V, sin(%) =1.5", 3.

and at of =n/3 (the maximum line voltage)
E,=1.732V, sin(%] =1.732V, (3.5)

From (3.4) and (3.5) the output voltage varies from a minimum of 1.5}, to maximum of

1.732V,,. The peak-to-peak ripple in this case is

V

deripple = 1732V, =1.5V, =0.232V (3.6)
From (3.6) the peak-to-peak ripple is approximately 14% of the average dc output

voltage

3.2.2 Analysis including phase inductance

There is an important change in the performance of the diode rectifier when the
inductance of each supply phase is included. Due to the inductance of the phases, the
current commutation between phases cannot be instantaneous. Therefore, during
commutation all three phases conduct at the same time. This period is called the

commutation period and has an associated commutation (or overlap) angle, L.

The commutation angle affects the output voltage of the rectifier and the supply phase
currents. Figure 3.4 shows the effect of the overlap angle on the output voltage. The
average output voltage is reduced from the ideal case. The average output voltage is

reduced by V.4 [3.2] where

V.=6fL1I, (3.7)
where f, L and I, are source frequency, phase inductance (includes self- and mutual-

inductance) and average output dc current respectively.
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Figure 3.4. Output dc voltage without phase inductance and with phase inductance.

Using (3.3) and (3.7) the average output dc voltage is:

Vu=1.654V, —61L .1, (3.8)

The inductance affects the rate of rise and fall of the supply phase currents during
commutation. Figure 3.5 shows simulation results and identifies the commutation

angle, p.

0 120 240 360

Phase current (A)

u

Time (Electrical degrres)

Figure 3.5. Effect of supply phase inductance on the phase current, showing the

commutation angle, u.




The commutation angle is calculated using (3.9) [3.2]. If the supply voltage and
inductance are known the commutation angle depends on the load current, /.

Iu - COS_I [1 - M)

v,

where
L = phase inductance (H)
@ =2nf rotational frequency of supply (electrical rad/s)

Vi = peak line voltage (V)

The inductance, L, in this case includes self- and mutual-inductances for the generator.
In the three-phase system the mutual inductance, M, between phases is the same, and
has a value equal to 1/3 of the self inductance for a concentrated winding, Section 4.6.

Using (3.9) the commutation angle, including self-and mutual inductances. is

~ 2a)(L—M)1dCJ G.10)

U = COS 1(1 7
Figure 3.6 shows the relationship between the commutation angle and output voltage
when the commutation angle is less than 60°, and when three diodes conduct
simultaneously. The output dc voltage is approximately 75% of the no-load dc voltage
when the commutation angle is 60°. If the load current were to be further increased, the
commutation angle would exceed 60°. The phase current becomes continuous when the

commutation angle reaches 60°. However, this condition is not experienced nor

analysed for the system under study.




Output dc voltge/no-load dc voltage

0.7

0 10 20 30 40 50 60

Commutation angle (Electrical degrees)

Figure 3.6. Ratio of output dc voltage to no-load dc voltage with respect to commutation

angle.

3.3 Analysis of the five-phase diode rectifier

A five-phase diode bridge rectifier circuit is used in this research. The five-phase source
generates a set of five phase voltages, each phase shifted by 72° with respect to its
adjacent phase, and phase shifted by 144° from its non-adjacent phases. The phase

voltages are

E, =V sin(wt)

E, =V sin(wf - ?'5£)
. 4r

E =V, sin(wt - ——5—) (3.11)
: 6

E, =V sin(wt- ?ﬂ)

E, =V, sin(wt —8?”)

The phasor diagram of the 5-phase system is shown in Figure 3.7.
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Ve

Figure 3.7. Phasor diagram of the five-phase voltages showing the adjacent and non-

adjacent line voltages.

In a five-phase system there are two line-to-line voltages. The adjacent line voltage is
the voltage between adjacent phases. For example, the voltage between phase-a and
phase-b. The non-adjacent voltage is the line voltage between non-adjacent phases, for

example, the voltage between phase-a and phase-c (V). The two voltage magnitudes

are
Vi agjacen = 2V o €OS(54° ) = 1.176 x V',
(3.12)
Vi non-adjacent = 2V pn €05(1 8% )=1.902 x Ko
and
Vl,nan-aa}'acem =1.61 8Vl,adjacen! (3 N 3)

If a five-phase generator feeds a five-phase full-wave bridge rectifier, each diode
conducts the load current for 72° in the ideal case. In the diode bridge rectifier the
largest magnitude line voltage conducts hence the non-adjacent line voltage provides
energy to the dc-side. Figure (3.8) shows the non-adjacent line voltages which are

described by
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E,=1.901V, sin(ot + )
10
E,, =1.901V, sin( ot — =)
10
E,, =1.901V sin(a)t—3—7r)
10
E, =1.901V, sin(a)t—%) (3.14)

E.,=1901V_sin( ot —Z—g)

ca ac’
Eeb = Ebe ’ Eec = _Ece
Eleb Elec Eac Ead Ebd Ebe
| 1 o
1.902V,, ;
7
>
~
(V)
1))
g ______
@)
>
9]
R=
—
-1.902Vn,

i 1 i H : i 1 i ]
0 20 40 60 80 100 120 140 160 180

Angular position (Electrical degrees)

Figure 3.8. Five-phase non-adjacent line voltages for one half cycle.

As with the three-phase case, two analyses for the five-phase diode rectifier are

performed: the ideal case and the case with phase inductance.

3.3.1 Ideal five phase rectifier system.

In this case the generator phase inductance is neglected. The same assumptions are

made to that in the three-phase case.

The output dc voltage has a fundamental frequency of ten times the input frequency and

peak value of 1.9021",. Figure (3.9) shows the output voltage.
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Figure 3.9. Output voltage from the five-phase rectifier

The period between 54° (3n/10 rad) and 72° (2n/5 rad) can be used to calculate the
average output voltage and the peak-to-peak ripple, Figure 3.10.

N
> ot

3n/10 2m/5

Figure 3.10. Output dc voltage showing the period between 37/10 and 2n/5.

The average dc output voltage V. for a five-phase diode rectifier is

2z

5

p o= [1.9027,, cos o dot =185V, (3.15)
T3z
10

The minimum output voltage occurs at ¥ = 54°

E,=19021", sin(%”) =181V, (3.16)
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and maximum value occurs at o =72°.

E,=1.902V, sin(%) =1.902V, (3.17)

hence the peak-to-peak ripple is

v

deripple

=1.902V, —1.81V, =0.092V, (3.18)

From (3.16) and (3.18) the peak-to-peak ripple is 5% of the average output voltage. This
is significantly better than the three-phase case (14%)).

3.3.2 Analysis of the five-phase system including phase inductance

As discussed in section 3.2.1, inductance affects phase current commutation and
consequently there is a commutation period between phases. In the five-phasce system
the commutation angle is typically less than 36° electrical degrees. Otherwise, there are
more than three phases conducting at one time and the output dc voltage rapidly falls

away.

The commutation angle, when three phases conduct simultaneously, for example,
phase-a, phase-e and phase-c, as shown in figure 3.11. is calculated. Phase-e is

commutating off and phase-a is turning on.

-va + <_V .
e N
QT
a8
- Ve + ’ﬂ
P e <
~ Y'Y\ >t
U Le ie { CD
ve s - i
~ v
o Y'Y Y\_¢ i<
u Le iC
- vb+ Vib
/,'\J\ YYY
N2 Lb
vg + Vid
Y Y Y
()

(

Figure 3.11. Shows the current direction during the commutation period, when phase-a,

phase-e and phase-c conduct simultaneously



The commutation current 7, due to the short-circuit between phase-a and phase-e, is
equal to phase-a current, i,. This current builds up from zero to a final value equal to the
dc output current, I, at the end of commutation period, o = p. In the circuit of figure
3.11,

di di

y, =L Sy Zn 3.19
: dt dt (3.19)

and

vLe = L € = L H (320)

“dt - Car
The i, mesh equation is

di di
v —v = &= - (- £ 321
a Ve = Lo (L, dt) (321

As all phase inductances are assumed equal, L,=L. =L. and v, —, is the line voltage.
Vae, (3.21) becomes
di

Vo = 2Lk (3.22)

multiplying both sides of (3.22) by w, which equals 27zf, and integrating gives

1" “
5 Ivaedwt =wl Idiu (3.23)

0 0

The line voltage in this case is the non-adjacent line voltage. v/ son-agacens (3.12),
substituting in (3.23) gives

l1—cosu)

v/ .non—adjacent (

2

= wli, (3.24)

From (3.24) the commutation angle in the five-phase rectifier is

(¥
N
[

e cos"(l - 2erI""J 3.
Ve

where 1 - non-adjacent line voltage peak value (V)
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The inductance, L, in this case includes self- and mutual-inductances. In the five-phase
system there are two mutual inductances, Section 4.6. Using self- and both mutual-

inductances the commutation angle become

(3.26)

e cos"l[l 20(L-M,+M, )i, J

V

L

where M, and M; are mutual inductance between adjacent and non-adjacent phases

respectively.

M, equal 1/5 of the self inductance, L, and has negative value, and M, equal 3/5 of L

with a positive value, Section 4.6.

The effect of commutation angle is to reduce the average dc output voltage. Figure 3.12
shows the output voltages with and without inductance. The average output voltage with
inductance is reduced by the area (4x) which represents the voltage drop across the

inductance during commutation.

I | ! I T ik T T T I T i T T T T T T T
1.902V,

& ] . | ]
3 e ....... e = — — - o - - - : ' ; 1
o § i Com:rnutatfon arigle . Output voltage wnth; . Outputvoltage

& bbb b CtANGD || withoutinducisnce | | _
> i

'S AR = et .......................................................................................................................................... .
& s

= i
O — ] 1 ; | ( ) ' ¢ sttt ments -

0 18 36 64 72 90 108 126 144 162 180 198 216 234 252 270 288 366 324 342 360
Angular position (Electrical degrees)

Figure 3.12. Output dc voltage with and without phase inductance.
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The voltage across the inductance, L, due to the commutation current, i, is

di, .
V, = LE (3.27)

The integral of this voltage is the area 4, in figure 3.12, which is

A, =wli, (3.28)
This area is repeated every ten times in one complete period. Using (3.28) the average

voltage reduction due to the commutation angle, V.4 is

10x (2
V., = —xz(&@ Li, =10/Li, (3.29)

where f is source frequency.

Comparing (3.7) with (3.29). the dc output voltage in the five-phase system falls faster
as the load current increases compared with the three phase case, assuming all other

parameters are the same.

Using (3.14) and (3.29) the average output dc voltage from the 5-phase system is
V,.=1854V —-10/Li, (3.30)

where L is generator phase inductance and V,, is amplitude of the phase voltage.

Equations (3.8), (3.10), (3.26) and (3.30) represent the relationship between
commutation angle and output voltage in five- and three-phase systems. The
commutation angle limit is 36° (that is three diodes conduct simultaneously in the five-
phase case). The output dc voltage is approximately 91% of no-load dc voltage at 36°.

In general, in a five-phase system, the commutation angle must be kept less than 36° to

avoid rapid reduction in the dc output voltage.



In the practical system, with the same output dc voltage for five- and three-phase
systems at full load, the generator self- and mutual-inductances are different in both
generators (section 4.7) and the peak phase voltage is higher in the three-phase system
(54V) compared to the five-phase system (48V). Figure (3.13) shows the change of dc
output voltage with output dc load power. The two systems have the same output dc
voltage at full load (610W). It is clear from figure 3.13 that increasing the load increases
the voltage reduction in the five-phase system faster than the three-phase system. It can
be seen that there is a period in which the five-phase output voltage is lower than the
three-phase system. This due to the output dc voltage reduction which depends on the
self- and mutual-inductance and the output load current as discussed previously.

1.05

five-phase

0.95 1

three-phase

Output dc voltage (pu)

09 1

0.85 : , ; .
0 150 300 450 600 750

Output dc power (W)
Figure 3.13. Voltage regulation vs. Power, showing the comparison between five- and

three-phase system with the same output dc voltage

3.4 Simulation model

In this section, equations that represent the diode bridge rectifier and permanent magnet
generator are developed using a pulse function description. The permanent magnet
generator model includes phase resistance, inductance and mutual inductance. The
simulation models of both three- and five-phase generators are developed. The models
are easily programmed using Matlab/Simulink. This model demonstrates the effect of
generator parameters during commutation and the conduction period and helps observe

the effect of each generator parameter on the performance of the systems.
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3.4.1 Simulation model of the three-phase PM generator with diode rectifier

In order to determine the equations representing a three-phase permanent magnet
generator with diode bridge rectifier, figure 3.14 is used which shows the back EMF and
generator parameters (resistance, inductance and mutual inductance) and the rectifier.
Dc link capacitor, C, and resistive load, R;. The mutual inductance between the phases.
M, is equal to 1/3 of the self inductance, Section 4.6. In this thesis there are two cases
examined: two diodes conducting simultaneously and three diodes conducting
simultaneously. Figure 3.15 shows phase voltage for one cycle which can be divided
into twelve periods: six periods when only two diodes conduct and six periods where
three diodes conduct. The periods where two diodes conduct are termed the conduction
periods and the periods when three diodes conduct are called commutation periods. p.
The periods are represented by pulses. The pulse has per-unit amplitude for each period
and duration dependent on the period. For example, for the period of commutation the
pulse has a duration equivalent to the commutation angle, x. In figure 3.15 the pulses S1
to S6 represent the commutation periods and pulses from S7 to S12 represent the
conduction periods. The twelve circuits associated with each period are detailed in

Appendix A.

il

Figure 3.14. Three-phase diode bridge rectifier with permanent magnet generator

showing the PM generator back emf and the generator resistance and

inductance.
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Figure 3.15. Phase back emf voltages of the three-phase generator and the twelve pulses

used to define each conduction and commutation period.

Differential equations are developed for each interval shown in figure 3.15. Two
examples of how the equations are derived are described here for two intervals. One

interval represents a commutation period (interval S1) and the other interval represents

conduction period (interval S7).
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Figure 3.16. The circuit associated with period S1 when all three phases conduct

simultaneously .

During the interval S1, phase-a and phase-c are commutating on and off respectively.
Phase-b conducts. There is overlap between phases -a and -c. This interval ends when

the current in phase-a equals the dc current, /;.. From figure 3.15 this interval has a

period% <wt< %+ ¢ - The circuit equations are:

ia + ic = idc , ib = -ic - ia = -idc (331)
di di di di. . di di
v L% _Ri MTe-MZb=p —LTC_Ri —M—2- ML 3.32)
¢ dt fa dt d ¢ dt dt dt (
di di di di, . di di .
_ ¢ _Ri -MZa_M=L-V =V.—-L=—L—-Ri, - M—2-M— (3.33)
V-1 dt ki, dt da * " T dr ’ f d

by manipulation of (3.31), (3.32) and (3.33) the differential equation representing i,

during S1 is

diy _ (v, -ve-1, -3RigV,.) )
dr J(L-ADH
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Figure 3.17. The circuit associated with period S7 when phases @ and b conduct

During interval S7, the current in phase-c is zero, and two phases conduct. phase-a and-
b. This interval is defined by£+ < wi <—. From figure 3.17 the circuit equations for
6 2

this interval are

i=—i, =i, ;i =0 (3.35)
voor%e g Sy _p g G gy (3.36)
R dt dt dt
di, .
V, =V, = 2(L= M)~ = 2Riy=V, =0 (3.37)

by manipulation of (3.35), (3.36) and (3.37) the differential equation representing i,
during S7 is

di, (V,-V,-2RiV,) (3.38)
dt 2(L-M)

Other intervals are calculated using a similar procedure and are derived in Appendix A.

Tables 3.1 to 3.3 summarise the intervals and associated differcntial equations for

phase-a. phase-b and phase-c respectively for each period, SI-S12.
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Table 3.1. Differential equations for phase-a current

Interval (S)

di
L-M)===
( ) I
Sl and S3 (2va _vc _vb —3Ria _ Vdc)
3
S2 and S4 (2va—vc—vb—3Ria+Vdc)
3
(2V,, -v,—v, —3Ri, - 2Vdc)
S5 3
S6 (2v,-v.—v,—3Ri, +2V, )
3
(va _vb — 2Ria — Vdc)
S7 >
(va — vc - 2Ria — Vdc)
S9 >
(v, —v, —2Ri, +V,)
S8 2
(va -v,—2Ri, + V,_,E)
S10 )
S11 and S12 0
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Table 3.2. Differential equations for phase-b current

Interval (S) (L- M)ﬁ =
dt
(2v, ~v, v, —3Ri, -V,
S3 and S6 3
(2v,, ~v, -v,=3Ri, +V,)
S4 and S5 3
(2v, —v, —v, —3Ri, -2V,.)
S2 3
(2v,, -v,-v,—3Ri, + 2Vdc)
S1 3
(v,, ~v,-2Ri, + Vﬁ)
S7 2
S8 (Vb —V, —2Ri, - Vdc)
2
S11 (vb_vc_zRib—Vdc)
2
S12 (v, —v. —2Ri, +V, )
2
S9 0
S10 0
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Table 3.3. Differential equations for phase-c current

Interval (S) (L- M) di; _
dt
S1 and S6 (2v,~v, —v, ~3Ri_ - V,)
3
S4 (2vc -v,—v,—3Ri_- 2Vdc)
3
Sz and SS (2vc B va —vb _3Ric + Vdc)
3
83 (2v, -v, —v, —=3Ri_+2V,)
3
$10 (v, v, -2Ri, -V,)
2
39 (vc -v,—2Ri_+ Vdc)
2
S11 (v, —v, —2Ri, +V,)
2
S12 (vc _vb —2Ric - Vdc)
2
S7 0
S8 0

The differential equation for the output dc voltage is calculated from the total output dc
current, I, which is the sum of the capacitor current, I, and load current, I; as shown in
figure 3.18.

lge
7

Vdc C= R.,§

O—
Figure 3.18 The output section showing the dc output current, L, dc link capacitor

current, I, and load current, /;.
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li=1,+1, (3.39)

The capacitor current is I.=C % (3.40)
and load current I = %ﬁ (3.41)
L

where V. and R; are the output dc voltage and load resistance respectively.

Substitute (3.39) and (3.40) into (3.38) and rearranging gives

v, 1, V.
d C CR,

(3.42)

Using the pulse function and the phase currents the dc current, iz, is calculated as:

iz =1,(S5+89—S56-S510)+i,(S2+S8-S1-ST)+i (S4+S512-S3-S11)  (3.43)

Equation (3.44) represents the differential equations for phase-a and the output dc

voltage during S1.
R 0 —1
o | L-m 3(L-m)|. _
i - i,
; 0 R, 2
CARS _ L-m 3(L-m) | % +
dt 1 0 0 -R -1 L
Vi , L-m 3(L——1m) Ve |
0 — RC | (3.44)
2 -1 -1 T
3(L-m) 3(L-m) 3(L-m) [v]
-1 2 -1 )
L-m) 3(L-m) 3XL-m) |
-1 -1 2__ o
3(L-m) 3L-m) 3(L-m) O]
0 0 0 0]

The other differential equations for the three-phase currents and output dc voltage are
presented by matrices Al to Al2 in Appendix A for the twelve intervals. The
commutation period is calculated using an iteration process which depends on the phase
current value. The calculation is started with initial value for commutation period using
(3.9). If the calculated value of phase-a current is less than zero at the end of its
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commutation period then the commutation period is increased by a small amount and
the calculation repeated until it equals zero, and vice-versa. In this way. the
commutation period converges to its final value. This pulse function description. with
iteration, produces faster simulation times compared with PSpice or SINULINK-based
simulation and can easily from part of a complete analysis package for multi-phase

generators connected to diode bridge rectifiers.

3.4.2 Simulation model of the five-phase PM generator with diode rectifier

In order to determine the equations required to represent the five-phase permanent
magnet generator with a diode bridge rectifier, a similar procedure is used. Figure 3.19
shows the circuit with back EMF and generator parameters (resistance. self- and
mutual-inductances) and also shows the rectifier. D¢ link capacitor, C. and resistive
load, R;. The five-phase generator has two mutual inductances (Section 4.6): mutual
inductance between adjacent phases, M;, and mutual inductance between non adjacent
phases, M,. As for the three-phase generator. two cases are examined: when two diodes
conduct and when three diodes conduct simultaneously. Figure 3.20 shows phase back
emf voltages for one period which can be divided into twenty sub-periods: ten periods
when only two diodes conduct and ten periods when three diodes conduct. The periods
are represented by pulses (in a similar way to that described in the previous section for

the three-phase generator).

loc
X 2% 5 & ,
&
T z meR \ ib
—O— JV\:Tv‘v‘v >
—_ EJ M2 t MZ‘:R M1 RL:E
5 |3 Vee| °T
B % L\ R j :d'
‘_-G :‘\ 1 4“;“'j r
& L M2 o
—O——\N\—wW >
X 2% 3 &

Figure 3.19. Five-phase diode bridge rectifier with permanent magnet generator showing

the PM generator back emf, the resistance and self- and mutual-inductances
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Figure 3.20. Phase back emf voltages of the five-phase system and the twenty pulses
used to define each fundamental period
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The complete set of twenty circuits associated with each interval is shown in
Appendix A. From these circuits the differential equations representing each phase

current are shown in tables 3.4 to 3.8.

Table 3.4. Differential equations for phase-a current for all intervals

Interval (S) (3L—4M, + M, )dl,, _
dr
. 1 [2v(L-M,)-v(L-2M,+M,)-v,(L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+2Ri,(M, - M, ) -V, (L-M,)
o 1 [2v,(L-M,)-v(L-2M,+M,)-v(L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+ 2Ri,(M, - M, )+V,(L-M,)
S3 1 _zva(L—Mz)_Vb(L_zMz+M1)_Vd(L_M1)"
(L-M, )| Ri,(3L-2M, + M, )+2Ri,(M, - M, )~V (L-M, )]
y 1 [20(L=My)=v(L-2M,+ M, )~v (L-M,)-
(L-M\)| Ri,(3L-2M, +M,)+2Ri,(M, - M, )+V,(L-M,)
S5 [2v, -v,-v,-3Ri, -2V, ]
S6 [2va—vc—vd —-3Ri, +.2Vdc]
1
v —v.-2Ri -V
57 LML=, s M % 2R i
1 .
v. —v. = 2Ri, +V
58 2(L-M2)(3L—4M2+M,)[ Ve 2R 4V, ]
59 1 [va —Vy —2Ria _Vdc]
2(L-M,)(3L-4M, + M,)
S10 1 [v,—vi-2Ri, +V,]
2(L-M,)(3L-4M, +M,)
S11to S20 0
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Table 3.5. Differential equations for phase-b current for all intervals

Interval (S -
rval (5) (3L—4M, + M, )% _
dt
- 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L—M, )| Ri,(3L-2M, + M, )+ 2Ri,(M, - M, )-V,(L-M,)
< 1 [29(L-M,)-v,(L-2M,+ M,)-v,(L-M,)-
(L—M,)| Riy(3L-2M, + M, )+ 2Ri,(M, - M, ) +V,(L- M, )|
- 1 [29(L-M,)-v(L-2M,+M,)~v (L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+2Ri (M, - M,)-V,(L-M,)]
S12 1 [2v(L-M,)-v (L-2M,+M,)-v,(L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+2Ri,(M, - M, )+V,(L-M,)
S13 [2v, -v,-v, -3Ri, -2V, ]
S14 [2v,, -v,—v,—3Ri, + .2Vdc]
S15 1 [Vb“vd"ZRib“Vd]
2(L-M,)(3L-4M, + M, ) ‘
S16 1 [vb—vd_ZRib+Vd ]
2(L-M,)(3L-4M, + M,) ‘
St l [vb_ve_ZRib—Vdc]
2(L-M,)(3L-4M, + M, )
S18 : [, —v. - 2Ri, + V]
2(L-M,)(3L-4M, + M,)
S1, S2, S5, S6, S7,
S8, 89, S10, S19, and 0
S$20
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Table 3.6. Differential equations for phase-c current for all intervals

Interval (S)

di
3L-4M,+ M, )==< =
( 2 ,)dt
<11 1 [20(L=My)=v,(L=2M,+ M, )~v.(L-M,)~
(L-M,)| Ri(3L-2M,+M,)+2Ri,(M,-M,)-V,(L-M,)]
S12 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L—-M,;)| Ri,(3L-2M, + M, )+ 2Ri,(M, - M, )+ V,(L-M,)
<6 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L-M,)|Ri,(3L-2M,+ M, )+2Ri,(M,~M,)~V,(L-M,)]
<5 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L—M,)| Ri,(3L-2M,+ M, )+2Ri,(M, -M,)+V,(L-M,)]
S2 [2v, -v,-v, -3Ri_ -2V, ]
S1 [2v,-v, -v, —3Ri +2V,]
1
~v,—2Ri_ -V,
S].9 2(L—M2)(3L—4M2+Ml)[vc ve ’c dc]
1 r
S20 v, ~v,—2Ri. +V ]
2(L-M,)(3L-4M,+ M,)" dc
S8 L v.—v, - 2Ri_-V,]
2(L-M,)(3L-4M, + M, )"
1
v, —v,—2Ri_+V,
59 LM, (3L, + ) ]
S3, S4, 87, S10, S13,
S14, S15, S16, S17,
and S18
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Table 3.7. Differential equations for phase-d current for all intervals

Interval (S) (3L—4M2+Ml)ﬂ"—=
dt
$6 1 [2v(L-My)=v(L-2M, + M,)-v,(L- M, )~
(L-M,)| Riy(3L—2M, + M, )+2Ri(M,- M, )-V,(L-M,)
S5 1 [2v(L-M,)-v(L-2M,+M,)-v(L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+ 2Ri. (M, ~ M, )+V,(L-M,)]|
S14 1 [2v(L-M,)=-v,(L-2M,+M,)-v,(L-M,)-
(L-M,)| Ri,(3L-2M, + M, )+ 2Ri,(M, - M, )V, (L-M,)|
S13 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L-M,)| Riy(3L-2M, + M, )+ 2Ri (M, ~ M, )+V,(L-M,)]
S4 [2v,-v, v, -3Ri, -2V,.]
S3 [2v, v, —v, —3Ri, + 2V, ]
1
—v —2Ri, -V
S10 2(L—M2)(3L—4M2+M])[Vd Va d dc]
S9 1 [vd_va_zRid+Vdc]
2(L-M,)(3L-4M,+ M,)
S16 1 .
v,-v,—2Ri, -V
2(L—M2)(3L—4M2+M,)[d ’ iVl
S15 1 [vd_vb_zRid+Vdc]
2(L-M, )(3L—-4M, + M,)
S1, S2, S7, S8, Sl1,
S12, S17, S18, S19, 0
and S20
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Table 3.8. Differential equations for phase-e current for all intervals

Interval (S) (3L-4M,+ M, ) ‘;"e =
t
<14 1 [2(L=M,)=v (L-2M,+ M, )=v,(L-M, )=~
(L=M,)| Ri,(3L-2M,+ M, )+2Ri, (M, - M,)-V,(L-M,)|
S13 1 —2ve(L_M2)_vd(L_2M2+Ml)-vb(L_M|)_
(L—M,)| Ri,(3L—2M,+ M, )+ 2Ri,(M, -~ M, )+V,(L-M,)|
S 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L-M,)|Ri,(3L-2M, + M, )+ 2Ri,(M, - M, )-V,(L-M,)]
© 1 [2v(L-M,)-v,(L-2M,+M,)-v,(L-M,)-
(L-M,)| Ri,(3L-2M, + M, ) +2Ri,(M, - M, )+V,(L-M,)]
S12 [2ve -v,—v,—3Ri, — 2Vdc]
S11 [2v, =v, -v, - 3Ri, + 2V, ]
1
S18 —V, —2Ri, -
2L-M,)(3L-4M, + M, )[v‘ v~ 2Ri, ~V..]
S17 I [v -v, —2Ri, +V, ]
2(L-M,)(3L—4M, + M, )" ¢ E
S20 1 [ 2Ri, -V, ]
v — f— —
AL-M, )3L—aM, + M) < o e
S19 1 [v,-v. -2Ri, +V,]
2(L-M,)(3L-4M,+M,)"* °° =
S3, S4, S5, S6, S7, S8, .
S9, S10, S15, and S16

The differential equation for the dc link voltage, Va, is the same as in three-phase case.
The output is then determined by the differential equation

&t C CR,
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Using the pulse function and the phase current equations the dc current, iy, is calculated

from:

i =i,(85+89—56~510)+i,(S13+ 517 - S14 - 518 ) +i,(S2+ S8 S1—- 87 )+

i,(S4+816—83-515)+i,(S12+520-S11-819)

(3.46)

Equation (3.47) represents the differential equations for phase-g, -c and -e and the

output dc voltage during S1.
-l.a— —l'a- —Va-
d ic ic Ve
— =]|A + |B
dt ie [] fe [] Ve (347)
_Vdc_ _Vdc_‘ _O_‘
where [A] =
~R(3L-2M, - M) . 2R(M M, ) —(L-M,)
(L-My)(3L-4My + M;) (L-MP)(L-4M, + M) (L-M)(3L-4My+M))
0 -3R 0 2
0 0 - R(3L-2M, - My) -(L-M;)
(L-My)(3L-4My+ M) (L-M))(3L-4My+M;)
0 -t 0 !
c RC
L L
and [B] =
2L-M,y) ~(L-M;) ~(L-2M)+ M ) 0'
(L-M)(3L-4M, + My) (LM )(3L—4My+ M) (L-M;)(3L-4M,+M,;)
-1 2 -1 0
(3L-4My + M} ) (3L-4M, + M;) (3L-4M, + M)
_(L-2M2+Ml) -(L-M,) 2(L-M,y) 0
(L-M)(3L-4My + My) (L-M{)(3L-4My+ M) (L-M{)(3L-4My+ M)
0 0 0 0]

The other differential equations for the five-phase currents and output dc voltage are

presented by matrices A13 to A33 in

Appendix A for the twenty intervals. The

commutation period is calculated using an iterative procedure similar to the three-phase

case.
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3.5 Evaluation of the developed models

The developed models for the three- and the five-phase systems are implemented in
MATLAB/Simulink. Data from the practical permanent magnet generators described in
Chapter 5 are used. The simulation results from the developed models are compared
with PSpice results to validate the models. Table 3.9 shows the system parameters. The
phase voltages in these simulations are sine wave (in the practical case thev are distorted
sine waves). The generator parameters yield the same average dc output voltage in both
systems at full-load and the Dc link capacitors in each case are selected to give the same

output peak-to-peak ripple for both systems at full load, R;=10Q2.

Table 3.9. The three-phase and five-phase systems parameters used in the simulation

Parameters Three-phase Five-phase
Phase voltage amplitude (V},), V 54 48
Frequency, Hz 46.67 46.67
Phase resistance (R), Q 0.56 0.65
Phase Inductance (L), mH 1.2 1.3
Mutual inductance (M;), mH 0.36 0.62
Mutual inductance (M;), mH 0.24
Dc link capacitor (C), puF 2200 470
Resistive load (R)), Q 10 10

The simulation results of the five-phase system using the developed model and PSpice
model are shown in figure 3.21 and 3.22. Figure 3.21 shows the comparison of the dc
output voltage for both models. The average output voltage is 78.1V. and has peak-to-
peak ripple approximately 0.7% of average voltage. It can be seen that the developed

model closely matches the PSpice waveform.
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Figure 3.21. Five-phase rectifier output dc voltage showing the waveforms generated by

the developed model and the PSpice model.

Figure 3.22 shows phase-a current for both models. The current has rms value equal

4.6A (which is the permanent magnet generator’s rated current).

10

model
g ¥ ‘ W ST S
E '
5 0 - ,
% 216 288 360
£ 5 :

Rotor angle (Electrical degrees)

Figure 3.22. Phase-a current in the five-phase generator showing the waveforms

generated by the developed model and the PSpice model.
Figure 3.23 shows that the commutation angle is 23.3°, between phase-a and phase-b

currents using the developed model. This commutation angle is due to the self- and

mutual-inductances of the phase winding as discussed in section 3.2.

61



10

phase-a phase-b

g
=
% g =
PR | 72 L 144 216 288 360
£ -
25 4 : b
233

commutation angle

-10

Rotor angle (Electrical degrees)

Figure 3.23. Phase-a and phase-b currents showing the commutation angle, 23.3° for the

five-phase generator.

The results for the three-phase system are shown in figures 3.24 and 3.25. Figure 3.24
shows the three-phase dc output voltage from the developed model and the PSpice
model. The average voltage is, 78.1V, which is the same as the five-phase system as is

the peak-to-peak voltage ripple. Also it can be seen that the waveform from the

developed model closely matches the PSpice waveform.
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Figure 3.24. Three-phase rectifier output dc voltage showing the waveform generated

by the developed model and the PSpice model.
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Figure 3.25 shows the results from the three-phase system. Phase-a and phase-b currents
commutate over an angle of 19.8°. The commutation angle in the three-phase system is
less than the five-phase system. The explanation for this is that in the three-phase
system the total inductance is 1.3 times the self inductance (1.56mH) and in the five-
phase system is 1.7 times the self inductance (2.2mH).

Phase current (A)
o

q 60 120 1 1180 240 300 360

19.8°
commutation angle

Rotor angle (Electrical degrees)

Figure 3.25. Three-phase model showing phase-a and phase-b currents showing the

commutation angle, 19.8°.

3.6 Effect of the self- and mutual-inductances on the performance of the generators

In section 3.2.2 and section 3.3.2 the effect of phase inductances (self- and mutual-
inductances) on the generator currents and dc output voltage is discussed for three- and
five-phase systems respectively. The analysis did not include the effect of the dc link
capacitor. To evaluate how phase inductances affect the permanent magnet generator
systems performance with a dc link capacitor, simulations are performed for three cases:
with self- and mutual-inductance, with self-inductance and with no inductance using the
practical data given in Table 3.9. The dc capacitance used in both systems is chosen to
give the same output ripple: 470uF for the five-phase system and 2200uF for the three-
phase system. The load resistance value is fixed, R;=10€, in all simulation cases. This
resistance forces both systems to operate at rated current with self- and mutual
inductance. The term inductance is used here to represent the total inductance including

self- and mutual-inductance.

Figures 3.26 to 3.28 show phase-a current, output dc voltage and generator power

respectively for the simulation results of the five-phase system. It can be seen that
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without phase inductance the current has higher distortion and a higher rms value
compared to other the cases. However, the mutual inductance has a minor effect on the
current waveform when compared to the impact that the self-inductance has on the
current waveform. In all cases, there is distortion in the current waveform which will

manifest itself as the generator power ripple (hence shaft torque ripple).

10

—without L. & M

with L only

——with L &M

Phase current (A)
(=]

{ 7 144 216

-10

Rotor angle (Electrical degrees)

Figure 3.26. Simulation results of the five-phase system showing the generator phase-a
current for the three cases, without L and M inductance, with L only and
with L and M.

The electrical power delivered by the generator when connected to the diode rectifier is
important in order to assess and to study the shaft torque ripple. Electrical power, P,,
from the five-phase generator is given by

P=iyv +iv,+iv, +i,v,+iy, (3.48)
where all values are instantaneous and the voltages are the back emfs of each phase.

By neglecting the generator mechanical losses, P, represents the shaft power. Using
(3.48) the shaft torque, 7,

r=5 (3.49)
@

where . is the shaft angular velocity (rads™).

Figure 3.27 shows the simulation results of the five-phase permanent magnet power for

the three cases, with L and M, with L only and without L and M.
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Figure 3.27. Simulation results of the five-phase system showing the generator power
for the three cases, without L and M inductance, with L only and with L

and M.

Several remarks can be made regarding the waveforms shown in figure 3.27 and Table
3.10. In the case without inductance the generator is predicted to deliver more power but
with a peak-to-peak ripple of 29.5% of average power. The ripple in the shaft power is
reflected in the shaft torque and leads to mechanical vibration and noise. Including the
self- and mutual-inductance reduces the ripple by a factor of 12. Without mutual
inductance the predicted ripple is approximately three times that when mutual
inductance is included. These results show the significant effect that mutual inductance
has on generator power and shaft torque ripple. Although the phase currents are not
appreciably different, the mutual-inductance significantly affects the shaft torque ripple
and demonstrates a clear need to include the mutual inductance in the model of the

generator.

Figure 3.28 shows the dc output voltage for the three cases. In the case without self and
mutual inductance the average dc voltage, 80V, is less than no-load voltage, 91.5V. This
is due to the voltage drop across the diodes and phase resistance. In the other cases the
reduction of the dc output voltage includes a contribution due to phase inductance in
addition to the phase resistance and diode drop. It is seen from figure 3.28 that the peak-

to-peak ripple in the case with self and mutual inductance is reduced by approximately
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59% from the case without inductance. The influence of the mutual inductance is clearly

shown in figure 3.28 by reducing the peak-to-peak ripple by approximately 22%

compared to the case with self inductance only. Again this demonstrates the clear need

to model mutual inductance.

Dc output voltage (V)

without L & M
82 \

Rl

80

with L &M

72
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216

288
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360

Figure 3.28. Simulation results of the five-phase system showing the dc output voltage

for the three cases.

Table 3.10 summarises the results of the five-phase system for the three cases. The

percentages of the peak-to-peak ripple are calculated relative to the average value.

Table 3.10. Summary of simulation results of the five-phase system for the three cases.

Without self and With self inductance | With self and mutual
mutual inductance only inductance
rms/ | Peak-peak rms/ | Peak-peak rms/ | Peak-peak

average ripple average ripple average ripple
Generator power | 733.4W 29.6% 708W 7.5% 687.7W 2.7%
Output dc voltage | 80.3V 1.7% 78.7V 0.9% 78.12V 0.7%
Output dc power 645W 3% 615W 1.7% 610W 1.1%
Phase current 5A 4.6A 4.65A
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The results of the three-phase system simulation are shown in figures 3.29 to 3.31. As in
the five-phase system, three cases are simulated. The ac phase current is illustrated in
figure 3.29. It is clear that in the case without inductance the current is highly distortion
when compared to the five-phase system. With self inductance only and with self and
mutual inductance, the current distortion is reduced, but is still higher than for the five-
phase system. The influence of mutual inductance is evident as it changes the shape of

the current waveform.
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Figure 3.29. Simulation results of the three-phase system showing the generator phase-a

current for the three cases.
The three-phase generator shaft power, P,, is given by
P=iy,+iv,+iyv, (3.50)
where all values are instantaneous.

Figure 3.27 shows the simulated shaft power of the three-phase generator for the three

cases, with self-and mutual-inductance, without self-and mutual-inductance and with

self-inductance only.
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Figure 3.30. Simulation results of the three-phase system showing the generator power

for the three cases.

In the case without self and mutual inductance, the generator is estimated to deliver
more power but with a peak-to-peak ripple of 151.8% of average power. This will lead
to considerably more mechanical vibration and noise compared to the five-phase
system. With self inductance modelled, the ripple is reduced approximately 2.7 times
compared to the case without self inductance. Including the phase self- and mutual-
inductance estimates a reduction in ripple in the shaft power of approximately 3.4 times
compared to without self- and mutual-inductance. It is clear from waveforms shown in
figures 3.27 and 3.30 and Tables 3.10 and 3.11 that the mutual inductance has an impact
on the five-phase simulation, the shaft torque ripple is reduced by 2.8 times from the
case where self-inductance is modelled only. This reduction is more significant than that
demonstrated by the three-phase generator, where the ripple is reduced by 1.3 times if
mutual-inductance is included. This is clear evidence of need to include all mutual

inductances in the simulation.

Figure 3.31 shows the dc output voltage for the three cases. In the case without
inductance the average dc voltage is 80.4V. In the other cases the additional reduction
of the dc output voltage is due to the phase inductance voltage drop. It is observed from

the five- and three-phase results that the peak-to-peak voltage ripple in the five-phase
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system (1.3V) is approximately 45% less than three-phase system (2.4V) in the case
where self- and mutual-inductance are not modelled. The effect of the self and mutual
inductance is clear in the three-phase system and reduces the voltage ripple by
approximately 71%. In the five-phase system the self and mutual inductance reduces the

ripple by approximately 59% as discussed previously.
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Figure 3.31. Simulation results of the three-phase system, showing the dc output voltage

for the three cases.

Table 3.11 summarises the results of the three-phase system for the three cases. The

percentages of peak-to-peak ripple are calculated relative to the average value.

Table 3.11. Summary of simulation results of the three-phase systems for the three cases

Cases Without self and With self inductance | With self and mutual
mutual inductance only inductance
Average/rms p-p average/rms p-p | average/rms | p-p
ripple ripple ripple
Generator power 737.6W 151.8% 694.8W 57% 682W 45%
Output dc voltage 80.4V 3.1% 78.7V 1.3% 78.0V 0.9%
Output dc power 646 6.2% 618W 2.5% 609W 2%
Phase current 7.18A 6.4A 6.32A
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Ignoring phase inductance the dc capacitor charges through the series combination of

two phase resistances with a time constant,t. equal to

T=RC (3.31)
where R is twice the phase resistance.
The capacitor discharges through load resistance, R;, with time constant equal

T=R,C (3.32)

Therefore, the charge time of the capacitor depends on the capacitance and the phase

resistance. The capacitor discharge rate depends on the load resistance and capacitance.

With phase inductance, however, charge and discharge of the dc capacitor depends on
the phase inductance in addition to the capacitance, phase resistance and load resistance

values.

It is evident from the results of the five- and three-phase systems that there is a
considerable difference between the three cases. It is also evident that inductance has a
positive impact on the permanent magnet generator’s torque ripple, however, large
phase inductance leads to increase commutation angles and reduces the output voltage,
as discussed in sections 3.2.1 and 3.2.2. As the power output is an issue it is
recommended to keep the commutation angle in the five phase system less than 36° and

in the three-phase system less than 60°.

The comparison results of the dc output voltage and generator power respectively for
the five- and the three-phase systems are shown in Figure 3.32 to 3.35. The comparison
is for two cases: with self and mutual inductance and without inductance. From the
figures, it can bee seen that the peak-to-peak ripple of dc voltage in the three-phase
system without self and mutual inductance is a factor of 1.8 greater than the five-phase
system. With self and mutual inductance the peak-to-peak ripple is almost equal in both

systems (the capacitor is selected to give the same output ripple in the practical case).
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Figure 3.32. Comparison of dc output voltage without phase inductance showing the

five-and three-phase system results.
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Figure 3.33. Comparison of dc output voltage with phase inductance showing the five-

and three-phase system results.
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Figure 3.34. Comparison of generators power without phase inductance showing the

five-and three-phase system results.

Figure 3.34 shows the generator power for the five- and three-phase systems without
inductance. The peak-to-peak ripple in three-phase system is a factor of 5.1 greater than

in the five-phase system.

Figure 3.35 shows the comparison between the three-and five-phase generator power
when the phase self and mutual inductance is modelled. From this figure, the peak-to-
peak shaft power ripple (hence shaft torque ripple) in the three-phase case is a factor of
16 greater than the five-phase system. The mechanical vibration in the three-phase

generator shaft expected to be higher than the five-phase generator shaft.
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Figure 3.35. Comparison of generators power with phase inductance showing the five-

and three-phase system results.
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3.7 Summary

In this chapter the principle of three-phase and five-phase diode rectifiers are discussed.

The analysis of both rectifiers with and without inductance is studied.

The five-phase rectifier has an output dc voltage that is 12% higher than the three-phase

rectifier if the no-load phase voltages are the same.

The ripple in the dc output voltage, with no dc link capacitor. for the five-phase rectifier
is approximately 4.8% and in the three-phase rectifier is 13%. This means a five-phase
rectifier requires a smaller capacitor to smooth the output dc voltage to a specified level

compared to a three-phase system. The capacitor rms current is discussed in chapter 7.

The effect of the phase inductance in reducing the output voltage is higher in the five-
phase case than in the three-phase case (if the inductance and average output dc current
are the same in both rectifiers). This is because the commutation periods in the five-
phase case occupy a larger proportion of the fundamental cycle when compared to the

three-phase case.

The commutation angle in both rectifiers depends on the self and mutual inductance, the
supply frequency, and the average output dc current. The maximum value of
commutation angle for a five-phase rectifier is 36° otherwise there are more than three
phases conducting simultaneously which has serious effects on the voltage regulation.

In the three-phase case the limit is 60°.

A simulation model is developed for both five- and three-phase rectifier systems feed
from a permanent magnet generator. The models include the generator parameters
specifically the self- and mutual-inductances. The developed models are verified using
practical data (from chapter 5) and the results compared with PSpice simulation. The
results show good correlation between the developed model and the PSpice simulation
model. The developed model helps describe how the generator performs with a diode
bridge rectifier and also shows the importance of generator parameters and the effect

that mutual inductance has on the five-phase system.
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Practical data for three- and five-phase pm generators (from chapter 3) is used to
simulate the five- and three-phase systems for three-cases, without self- and mutual
inductance, with self inductance only and with self and mutual inductance. This
demonstrates the effect of phase inductance on the performance of the permanent
magnet generator. The results show that the five-phase system displays considerably
lower peak-to-peak shaft power and torque ripple compared to three-phase system. This

is a significant advantage of the five-phase system.

The dc link capacitor in the three-phase system is 4.7 times larger than the five-phase
system for the same dc output peak-to-peak ripple. This is another significant advantage

of the five-phase system compared to the three-phase system.
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Chapter 4

Design of the Prototype Five-phase Permanent Magnet Generator

4.1 Introduction

In this chapter, the stator and rotor of a 4-pole permanent magnet generator is designed
for operation both in a 3-phase and 5-phase configuration as a permanent magnet
generator. Both generators are designed to have a rated speed of 1400rpm and feed six-

pulse and ten-pulse diode bridge rectifiers.

The initial phase of the design is to define the type of rotor (an interior or external rotor.
radial or axial-gap generator), the number of poles and the number of stator slots. In

section 4.2 these aspects are chosen.

The design procedure for the rotor is described in section 4.3. The rotor diameter is
determined based on the availability of magnet size and shape to make fabrication
quicker and easier. The stator topology and outline design is described in section 4.4.
The stator slot dimensions are chosen in section 4.5. The flux density is designed to be
less than the iron saturation flux density in order to reduce the rotor and stator iron

losses.

The stator windings are designed based on current density. generator rating. slot area
and air-gap flux density. The design choices include winding configuration. conductor
size and number of conductors per slot. This process is discussed in section 4.6. The

phase resistance, self- and mutual-inductances are estimated in section 4.7.

The initial design uses linear equations and the demagnetisation curve of the chosen
magnet. Finite element analysis (FEA) is used to validate this model. Sections 4.8 and
4.9 of this chapter discuss the FEA software and the results of the analysis. In sections

4.10 and 4.11 the cogging torque and back EMF are estimated and discussed using

results from the FEA program.



4.2 Initial design choices

If a low speed, PM generator is required, it would be wise to consider an axial rotor
design. This is particularly true if zero cogging torque is desired. However, this type of
machine is expensive when low cost is an objective. Also the axial permanent magnet
machine has a large outside diameter which does not always suit wind turbines. If a
high-torque, low speed machine is required, then an interior-rotor design would be
appropriate. In addition, it has a smaller diameter, is more compact and can be easily
connected directly to wind turbines or through a gear-box. In this research an interior-
rotor is selected as it is easier to manufacture using the traditional machinc

manufacturing processes that were available for this research.

The selection of the number of magnet poles depends upon many factors [4.1], for
example:

a. the magnet material and grade,

b. the rotor type (interior-rotor, exterior-rotor, axial rotor).

c. the mechanical assembly of the rotor and magnet,

d. the speed of rotation, and

e. the inertia requirements.

The number of poles is generally inversely proportional to the desired rated speed of the
machine. If smooth torque is required at low speed, such as in a DC torque motor, a
large number of poles should be selected. Also. as the number of poles is doubled, the
required thickness of the stator and rotor back-iron is reduced by one half [4.1-4.2].
Therefore, for a given magnetic and electrical loading and given rotor diameter. the
overall machine diameter can be reduced by increasing the number of poles. However.

there are some disadvantages such as an increase in fabrication cost and finding

appropriate methods of fixing many magnets to the rotor.

Until recently. certain ratios of pole to slot numbers have been more popular. However,
there are many combinations of slot- and pole-numbers that can be used effectively
[4.1]. Table B.1 and B.2 in Appendix B list all the possible pole-numbers which will

operate with stator laminations having slot-numbers from 3 to 48 for 3- and 5-phasc
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machines respectively. In this research the number of rotor poles and stator slots are
selected to be 4 and 30 respectively. This reduces the cogging torque as will be

discussed in section 4.9.

4.3 Rotor design

In this research, the design of the rotor is driven by the availability of the permanent
magnets for the rotor, which in this case is a bread-loaf shape that is made from \dFeB
N38H magnetic material with dimensions shown in figure 4.1. Four poles are selected.
which suites the approximate diameter of the rotor and also the dimensions of available
magnets. The stack length is defined by the magnet length of 50mm. The rotor radius is
determined by the radius of the magnet which is 35.65mm. This results in a pole arc of
120° (electrical) (a coverage factor of 0.67) which is acceptable. and reduces the volume

of PM material.

, 3565

—

Figure 4.1. The NdFeB permanent magnet shape. Magnet material is grade N38H. The

outside radius is 35.65mm.

In this research a direct and simple method of calculating the flux density in the air-gap
is used. This direct method depends on demagnetisation curve of the PM material and
the magnet dimensions. The permanence coefficient Pc is [4.1]

L

p =tm 4.1)
gC,

where L,, is magnet width, g is air gap length (1 mm) and C, is concentration factor

which is defined as

c 131=0.6667 (4.2)
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where A4,, is the air-gap surface area of the magnet and 4, is the total air-gap surface
area. Using (4.1) with a magnet useful thickness L,, =5.Imm, and the value of

concentration factor C, =0.67, the permanence coefficient, P, is 7.6

Using the demagnetisation curve of the N38H grade material at a temperature of 120°C,
and plotting the ‘load line’ value of P, calculated by (4.1), the maximum flux density is
0.95T and magnetisation force equal 143 kA/m as shown by the dotted lines in figure
4.2. The total useful magnet area, 4., is calculated at a radius, R,,, of 33.74mm [4.2]

and is:

A4, =2xnxC, xR, xL, =7067 mm’ (4.3)

u

The air gap area, A4, is 1 1200mm? calculated at a radius of 35.65mm.

P.=76
A
Permeance Coefficent (Pc = B/H) \
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Figure 4.2. Demagnetisation curve of N38H NdFeB magnet material showing the
operating point which is the intersection of the 120°C demagnetisation
curve and the line representing the permanence coefficient of 7.6.

(KO, =79.6 kKA/m, KG=0.1T)
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Since the useful magnet area and flux density are known, the useful flux per pole is

calculated as:

-6
b=, e 095, 0T g, o

m

The specific magnetic loading (B), which represents the average flux density over the

rotor surface, is

' -3
= flux linkage per pole x no of poles = 1,68x10 x.;- ~ 0.67 (4.3)
D L xx0.0713x.05

r stk

B

where D, 1s rotor diameter and Ly is rotor length.

Rotor back iron (rotor yoke) width is chosen to keep the flux density below the
saturation level of the iron. The pole flux splits in half in the rotor, and circulates

through the rotor yoke creating a flux density B, of:

B - Total flux linkage per pole/2
‘o w L

r stk

(4.6)

where w, are rotor yoke width (m) and B is the desired maximum flux density in the

rotor iron (T).

Using (4.6), with a specified maximum back iron flux density, B, of 1.55T and total
flux 1.68mWb, the required rotor yoke is calculated as 10.83mm. For ease of
manufacturing, the shaft is selected to be 9mm and the rotor yoke 10.65mm. resulting in

maximum flux density of 1.58T in the rotor yoke. The final dimension of the rotor

lamination is shown in figure 4.3.
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Figure 4.3. Finalised rotor lamination design.

4.4 Basic stator dimensions

This section determines the stator topology based on the calculated rotor parameters.
From section 4.3 the rotor radius is 35.65mm. The chosen air-gap is 1mm. thus the inner
radius of stator bore is 36.65mm. This results in a stator bore circumference of
230.28mm. The number of stator slots is chosen to be 30 slots so that the stator can use

either a three-phase or five-phase winding configuration.

The stator tooth width is calculated based on the total flux crossing the air-gap and the
air-gap flux density. The tooth flux density is adjusted to keep the flux density below
saturation. The flux in each tooth is the total air-gap flux divided by the number of teeth.

If the required tooth flux density is By, then

Total air - gap flux/ number of teeth 4.7)
B,L '

Wl =
Stk

where 1, is the tooth width and By, is tooth flux density.

The total air-gap flux is 27.2mWb, the number of teeth is 30 and maximum flux density

in the tooth is chosen as 1.75T. Therefore the tooth width, w,. is 3.8mm.

The stator back iron, w,. is calculated to be 9.66mm using similar methods to calculate

rotor yoke.
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4.5 Stator slot design

A larger slot opening is desired to make winding insertion easier. However. a large slot
opening can decrease the machine efficiency and increase cogging torque hence noise.
The slot opening is selected to be 2.21mm which provides an opening adequate for
winding insertion. This results in a total slot opening of 66.3mm around the stator bore

circumference. The slot opening provides a tooth shoe of 5.57mm.

The shape of the back of the slot is generally either a square bottom or a round bottom.
The round bottom is a preferred shape for manufacture by automatic winding machines.
In this research a round bottom is selected with radius 3.1mm. The slot depth. dg. 1s
13.91mm. This is determined by the stator back iron. w,. stator outer diameter. D,, and
stator inner diameter, D, The dimensions are shown in figure 4.3 with the outer
diameter (121.2mm) chosen to suit a standard 48 range frame from LEMAC who
fabricated the test machine and experimental rig. The slot area is 79.13 mm’ per slot

given the dimensions in figure 4.4.

Radius
31

Radius
0.51

4.0/

Figure 4.4. The round bottom slot dimensions shows the shape of slot end, depth and

slots opening (all dimensions in mm)
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The proposed design has no mounting holes in the stator. But due to manufacturing
constraints, four bolt holes are located in the stator back iron to locate the machine end-
caps. Steel screws are used in the holes in an attempt to reduce the effect of the holes on
the magnetic field distribution. However, the holes have a significant effect on the flux
density distribution in the lamination. The final dimension of the stator lamination is

shown in figure 4.5.
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Figure 4.5. Finalised stator lamination design.

4.6 Winding configuration

The prototype generator has 30 stator slots and 4 rotor poles. The number of slots per
pole is non-integral and is 7.5. This type of machine called “a fractional-slot machine ",

[4.1]. Each slot has two coils in a double-layer winding configuration in the fractional-

82



slot machine. There are many methods to design a fractional-slot winding. A procedure
that gives general results for double-layer windings. which tends to minimize the bujld-
up of phase displacement is presented in [4.1]. A pole-group arrangement is described
in [4.3] for double-layer winding of the two sets of pole groups around the fractional-

slot. The distribution factor is determined and depends on the pole-group arrangement.

In this thesis, the winding configuration is developed by combining the procedure in
[4.1] and pole group arrangement of [4.3]. This method eases the winding configuration,
and also gives good results for a double-layer winding. The procedure is now described.
The first step is to arrange pole-groups [4.3] by calculating the fraction, F. of slot
number to pole number and reducing this fraction to the lowest pair of whole numbers

that still gives a numerator that is a multiple of the number of phases. In this case

_ slot number 30 15 _y (4.8)

- pole number 4 2 x

A table is then constructed that has a row for each pole and a column number equal to
the numerator, y, (in this case 15). The columns are divided into the number of phases.
Table 4.1 and Table 4.2 show this step for the three-phase and the five-phase machine
respectively. A cross is placed every x column (starting from the top left of the table).

In this case, every second cell has a cross, as x =2.

Table 4.1. Three-phase pole-group arrangement.

poles Phase A Phase Phase C

1 {21314 {56 |7 |89 ]|1011]12]13]14]15
1 X X X X x X X X
2 X X x X X X X
3 X X X x X x X X
4 X X X X X X X
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Table 4.2. Five-phase pole-group arrangement.

Poles | Phase A Phase B Phase C Phase D Phase E |
1 | 2 4 1516 |7 |8 |9 1011} 121314 13

1 X X X X X X X |

2 X X X X X X X

3 X X X X X X X

4 X X X X X X X

The two tables demonstrate that both the three-phase and five-phase machine can be

split into two identical sections (poles section 1 and 2, poles section 3 and 4). Each pole

section occupies 15 slots.

The number of slots per phase for each pole group moving from left to right and row-

by-row from upper left to lower right of table 4.1 and 4.2 are

Pole-1 Pole-2 Pole-3 Pole-4
For the three-phase stator a- b- c-la- b- c-|a- b- c-la- b- c-
/3 2 \ 3\\2 3 213 2 312 3 2
poles Phase A / i’hese\ Phase C
2 |3 i s 6 N7 | 8] 9N 1 |12]13]14]15
1 X o X =7> i X ®
2 X X X X X X X
3 X X X X X X X
4 X X X X X X X
For the five-phase stator
Pole-1 Pole-2 Pole-3 Pole-4
a- b- c- d- e-|a- b- ¢ d- e-|a- b- c- d- e |a b- ¢ d- e-
2 1 2 1 21 2 1 2 142 1 2 1 201 2 1 21
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This means for the three-phase case, there are three coils for phase-a, two coils for
phase-b and three coils for phase-c in pole 1. But in pole 2. there are two coils for
phase-a, three for phase-b and two for phase-c. And for the five-phase case. for pole-1
there are two coils for phase-a and one for phase-b, two for phase-c, one for phase-d and
two for phase-e . A similar process yields coil numbers for pole 2, 3 and 4.

The second step determines the winding configuration by using the method described in
[4.1]. The number of slots per pole is calculated, (4.9). which is an integer, S. plus

fractional number, f,.

b
number of slots _ Ns:> 30=S+f,=7+0-5 (4.9)
number of poles 2p 4

Cs=

S represents the maximum slot-pitch of each coil, which can be less than or equal to S.
For the generators designed it equals 6 slots. If £, is less than or equal to 0.5 the number
of slots forward from the return coil-side of the previous phase coil to the go-side of the
next coil in the phase winding is equal to maximum coil span plus one, and if it is more
than 0.5, the number of slots forward equals the number of slots per section minus the
maximum coil span. The number of slots per section is equal to the highest common
factor of the number of coils per phase and pole-pairs. These rules are applied and all

phase coils are located.

To locate the other phase coil sides the term offser is used which is defined as the
number of slot-pitches in 2/3 of a pole pitch for the three-phase case and 2/5 of a pole-
pitch for the five phase case. (In the three-phase case the phase windings are displaced

from one another by 120° (electrical) and in the five phase case they are displaced by

72° (electrical)).

These rules and restrictions are programmed using Microsoft Excel allowing many
configurations to be investigated using different coil spans. Three configurations are
checked using FEA. The first configuration has a coil span of 7 slots. in the second

configuration the coil span is 6 slots, and the third configuration has a coil span of 5
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slots. On the basis of this investigation the coil span with 6 slots is selected as it
displayed fewer harmonics in the back emf compared to the other two configurations.
Tables 4.3 and 4.4 show the winding configuration of the three-phase and five-phase

machines respectively.

Table 4.3. Three-phase winding configuration. The number in the ‘go’ and ‘return’

columns indicate slot number.

Phase a Phase b Phase ¢
coil go return go return go return
1 1 7 6 12 11 17
2 14 8 19 13 24 18
3 15 21 20 26 25 1
4 28 22 3 27 8 2
5 29 5 4 10 9 15
6 16 22 21 27 26 2
7 29 23 4 28 9 3
8 30 6 5 11 10 16
9 13 7 18 12 23 17
10 14 20 19 25 24 30

Table 4.4. Five-phase winding configuration. The number in the ‘go’ and ‘return’

columns indicate slot number.

Phase a Phase b Phase ¢ Phase d Phase e

coil go |return| go |[return| go |return | go |return | go | return

[ 1 7 4 10 7 13 10 16 13 19
14 8 17 11 20 14 23 17 26 20
15 21 18 24 21 27 24 30 27
16 22 19 25 22 28 25 1 28 4
29 23 2 26 5 29 8 2 11 5
i 30 6 3 9 6 12 9 15 12 18

Q| ] B W ] =
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The diagrams B3 and B4 in Appendix B show the distribution of coils in the stator slots.
The figures show the coil span and the upper and lower coil sides in the stator slots. The
winding distribution factor is calculated for the winding configuration using Tables 4.1

and 4.2 by replacing the cross by slots number from left to right. Only the first section is

shown i1n tables 4.5 and 4.6 below to demonstrate.

Table 4.5. Two pole sections of table 4.1 for the three-phase machine. The cross is

replaced by slot number.

Phase A Phase B Phase C
poles] 1 | 2 (3 |4 |56 |7 |89 1011|1213 1415
1 1 2 3 4 5 6 7 8
2 9 10 11 12 13 14 15

Table 4.6. Two pole sections of table 4.2 for the five-phase machine. The cross is

replaced by slot number.

Phase A Phase B Phase C Phase D Phase E
poles 1 {2 (3145|617 |8 |9]|10]11|12]}13]|14]15
1 1 2 3 4 5 6 7 8 i
2 9 10 11 12 13 14 15 |

The electrical span of adjacent slots is
360°

From tables 4.5 and 4.6, the span between slot 1 and 9 is then
8x24° =192° (4.11)

This is equivalent to phase displacement between adjacent coils of

—24° (4.10)

d=192" -180° =12°

The winding distribution factor is then calculated using

sinn(gx4 )
K, = (4% (4.12)

qsinn(dz)
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where g is number of coils per group (3) and » is the harmonic number and d is phase
displacement between adjacent coils (12°). Using (4.11), for the first harmonic the
distribution factor is 0.98. This value is used to calculate the output coefficient of the

generator in section 4.6.3.

4.6.1 Winding specification: number of turns per phase

Two stators were to be built: a three-phase and a five-phase stator both with winding
configurations that give the same rectified output voltage at rated current and rated
speed. Both these generators are connected to diode bridge rectifiers which have an

average output dc voltage, neglecting diode voltage drop. as shown in Chapter 3. of

For the three-phase case Ve =163V (4.13)

For the five-phase case V=187V (4.14)

where V; is the peak phase voltage.

In order to achieve equal average dc output voltages in both the three-phase and five-
phase systems, the phase back emf in the three-phase generator has to be higher than the
five-phase generator by factor of 1.15 (in the ideal case). ignoring stator impedance and
voltage drop. However, in the practical system this factor depends on the generator’s
phase inductance and resistance. In this research, the factor is 1.125 and this was
determined by a set of finite-element simulations that included estimated values of
phase resistance, phase inductance and diode voltage drop. The five-phase machine was
to have an output phase voltage of 48V peak, therefore the required three-phase
generator phase voltage is 54V peak. The required no-load line back emf for the three-

phase and for the five-phase generator is then

Back emf for three-phase, vV, = J3x54=93.5V (4.15)

Back emf for five-phase, V, =1.902x48 =91.3V (4.16)
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The phase back emf constant k, at a speed. wy\, of 1400rpm (146 rads'l), is calculated

for three and five phase systems,

v
K, = — (+.17)
NL
93.5 y
Three-phase back emf constant, K,=——=0.638 Vsrad 4.18)
° 1466 *
| 91.3 y
Five-phase back emf constant, K,=——=0.623 Vsrad (4.19
© 1466 :

The number of turns per phase is calculated using

EMF .
_ per — phase (420)

a)NLxDrXlekXBm

ph

where D,=73.3mm, L,;,=50mm and B,=0.95T.

Hence for the three-phase case, N_, =110turns

ph

and for the five-phase case, N_, =96 turns

ph
The three-phase generator has 10 coils per phase; hence the number of turns per coil is
11 turns. The five-phase generator has 6 coils per phase; hence the number of turns per
coil is 16 turns. These values generate a peak phase back emf of 48V for the five-phase

generator and 54V for the three-phase generator.

4.6.2 Winding specification: Conductor diameter

The conductor diameter must be chosen to allow easy forming and insertion of each coil

by hand. The required conductor diameter, D,,, can be calculated using

D ~ slot Fvlol (421 )

iy N

coil
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where Ao, Fsior and Ne,is are slot area, slot fill factor and the number of conductors per

slot respectively.

An achievable fill factor of 50% of the slot area (79.13 mm?) is assumed. and the total

number of conductors in a slot is double the coil number, as each slot has two lavers.

Using these parameters the wire diameters are calculated as

D, ~1.34mm for the three-phase generator. and

D, ~1.11mm for the five-phase generator.

From the AWG table the wire gauge selected is AWG 18 for five-phase with diameter

1.02mm and cross sectional area 0.82mm’ and for three-phase is A'G 16 with

diameter 1.29mm and cross sectional area 1.31mm>.

4.6.3 Winding specification: Generator current

The machine’s rms rated current is defined as

I, =JxA4, (4.22)
where J is the achievable current density (Ams mm'z), and -, is the cross-sectional area

of the conductor used in the coils.

The maximum current density of the conductor is assumed to be 5A.m/mm’: because
the ventilation condition is poor (the stator is cooled by natural convection only).

The maximum rms current is then

I, =JxA,=5x131=6.554,, for the three-phase case

I, =JxA4,=5%x0823=454,, for the five-phase case
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The specific electrical loading, is 19299A/m for the three-phase and 19286 A‘m for the
five-phase, as shown in (4.23) and (4.24)

: : 2x3x N
Three-phase specific electrical loading, 4 = * XD prdrms =19299.4/m (4.23)
ﬂ. r
: : . 2x5x N 1
Five-phase specific electrical loading, 4 = ‘ XD P 192864/ m (4.24)
T

r

The specific electrical loading; 4, and specific magnetic loading. B=0.6T, are known
and equal. The output coefficient
K =1.74K,,BA
=19746 for the three-phase case
=19732  for the five-phase case

where K, is the first harmonic winding factor (in this case, 0.98). That is both machines
are designed to have same magnetic and electrical loading making the comparison

between performance of three-and five-phase machines fair.

The shaft torque, 7, can be calculated for both machines from

T=KD’L

r stk
For the three-phase generator, T =19745.7 x 0.0713% x 0.05 = 5Nm (4.25)
For the five-phase generator, T =19732x0.0713? x0.05 = 5Nm (4.26)

4.7 Generator Parameters

The parameters of the machine, such as winding resistance, self inductance and mutual

inductance, need to be estimated in order to simulate the performance of the generators.
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4.7.1 Winding resistance

The winding resistance depends on the length of the phase winding and conductor
cross-sectional area. The Mean Length of a Turn (MLT) has four sections: two active
sides (length equal to the stack length) and two end windings. The MLT is multiplied by

the total number of turns per phase to define the length of a phase winding.

For the three-phase generator MLT is 32032mm and for the five-phase generator MLT

is 27955mm. The cross-sectional area of the conductors is calculated in section 4.3.
Using (4.27) the phase winding resistance for three-phase generator is 0.43Q2 and for
five-phase generator 0.6€2.

R=p= (4.27)

L, is total length of conductor per phase including the end winding, p is conductor
specific resistance (1.76x10® ohm-meter) and 4, is the cross sectional area of the

conductor.

The total copper losses in the machine depend on the square of the total rms phase
current, the number of phases, and the phase resistance. The phase winding copper loss
in the three-phase generator is predicted to be 54.5W. For the five-phase generator it is
60.8W. The slightly higher value of copper loss for the five-phase generator is partly

due to the use of a small conductor diameter (AWG 18) than ideally required.

4.7.2 Winding inductance

Each phase displays self-inductance and mutual-inductance with other phases. There are
three components of self inductance [4.1], [4.2]:

1. the air gap component,

2. the slot-leakage component, and

3. the end-winding component.



i- Self inductance

The air-gap inductance can be directly calculated from the magnetic potential solution

based on the flux linkage approach

a

L,=- (4.28)

a

where A, and i, are flux linking phase-a and the phase-a current respectively.

The flux linkage is calculated using
Y =N,0, (4.29)

where N, 1s the total number of turn per phase and 6, is the total flux linkage in the air-
gap produced by winding current, i,, which is approximated by
0 — iaﬂNph/uolekrl
2p’s’

(4.30)

where p is the pole pairs, g is the equivalent air-gap distance and includes the radial
thickness of the magnet and the air-gap length with the stator slotting effect (Carter’s
coefficient) and equals.

g =ch+—Lﬂ (+.31)

where K, is Carter coefficient (see Appendix B), L,, magnet thickness and u, is recoil

permeability of the magnet (and equals 1.1 from the specification of the magnet in

figure (4.2)).
Using (4.30) and (4.31) the flux-linkage is
i N2 Lo
w, = 21;5;,“‘ ! (4.32)
and the air-gap-inductance
2
L = ﬂNph#olekrl (433)

2p’g
The end winding inductance is small compared to the self inductance and the value is
approximated at 10% of the self inductance value. For the three- and five-phase

machine the calculated self inductances are equal to 1.3mH and 1.2mH respectively.



ii- Mutual inductance

The electrical angle between two phases in the three phase generator is 120°(electrical).
They are not in quadrature therefore there is non-zero value of mutual inductance
between phases. It is important to calculate the mutual inductance as it has an impact on
current commutation as the diode rectifiers commutates current from one phase to
another [4.1] Due to the winding configuration, the mutual inductance in the three phase

generator 1s

M=—§=M, (4.34)

where L is the total self inductance of the phase.

In a five-phase generator there are two values for the mutual inductance, a value
between two adjacent phases and a value between two non-adjacent phases. As the
electrical angle between adjacent phases is 72° the mutual inductance is cxpected to be
small. It is indicated in figure 4.5 which represents phase-b coil sides placed in the tlux
generated by phase a. The flux-linking phase-b, due to phase-a, is shown as a shaded

area in figure 4.6.

Bgn Phase a flux

2 /

Figure 4.6. Showing the flux linking phase-b due to the flux generated by phase-a

+a

. .
o

N\

The flux linking phase-b is calculated as

N2 L. r yozaN2 L\,
v, = ,uo ph 1 (77[_‘71_)*_(”_27[)}: 1[ :\ (435)
? 2p'g 5 5 2p'g’ 5

where N, and i, are the number of turn per phase and phase-a current respectively.

The mutual inductance, Ms,, 1s then

94



g 2p2g” *5— (4.56)

where L is the self inductance of the phase.

l

a

Mba — l//ba :[l}ﬂluaN,z;thrrl — L

From this equation the mutual inductance between adjacent phases is 1/5 the self

inductance and has positive value.

Using the same procedure above the mutual inductance between non-adjacent phases,
for example, phase-a and phase-c, which are displaced by 144° (electrical) is
approximately equal to 3/5 of the self inductance of a phase and has a negative value.
Table 4.7 summarises the estimated generator parameters for the five- and three-phase

generators.

Table 4.7 The five- and three-phase generators estimated parameters

Three-phase Five-phase
Phase resistance 0.43Q 0.6
Phase self-inductance 1.3mH 1.2mH '
Adjacent phase mutual inductance 0.43mH 0.2mH
Non-adjacent mutual inductance 0.6mH

4.8 Finite Element Analysis

Finite element analysis is a commonly used method for electromagnetic field
computation and analysis and allows nonlinear verification of the basic linear design
carried out in the previous sections. The finite element method (FEM) is a numerical
method for solving electromagnetic field problems which are too complex to be solved
accurately using analytical techniques. Finite element analysis is based on dividing the
heterogeneous medium into a large number of small elements. These elements are
connected together at nodes. Within each element a simple polynomial is used to
approximate the solution over the area of the element. The process to divide complex
problems to elements is called discretisation or ‘meshing’.  Maxwell's partial

differential equations are transformed into a large number of simultaneous nonlinear




algebraic equations, which include the unknown node potentials. Iteration, such as
Newton-Raphson method, is used to numerically solve the partial differential equations.
In the software chosen to perform FEA the field distribution within each element
follows a pre-defined function boundary. The field varies linearly between two nodes

therefore the flux density is constant within each element.

Example of elements and nodes from the FEM mesh is shown in figure 4.7. The
accuracy of the results from FEM is a function of the correct discretisation of the region,
in particular, refining the mesh in regions where rapid spatial variation of the magnetic

flux density is expected.
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Figure 4.7. Mesh of a complex problem, showing the elements and the nodes

There are many finite element software packages available to help solve the
electromagnetic problem. Most of these packages have three main components. The
first one is a pre-processor in which the finite element model is created, geometric
outlines are drawn, material properties are assigned, current source and boundary
conditions are applied, and then the finite element mesh is created. The second
component is the solver where the finite element problem is numerically solved. The
final component is a post-processor where the magnetic field quantities are displayed,

and quantities, such as energy. flux and force, are calculated.
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4.9 Maxwell 2D Finite Element Analysis software

In this research, Maxwell 2D software is used to solve both static and transient

problems. Maxwell 2D programme is divided into steps to enable the definition of the

problem. These steps are summarised in figure 4.8

Select solver and geometry type \

'

Draw geometric model

I

Assign material properties

v

Assign boundary conditions and Pre-processor

current sources

v

Setup exclusive parameters

'

Set up solution criteria and refine the

mesh j
!

Generate solution

'

Inspect solutions, view solution

Solution

information, display field plots, and > Post-processing

manipulate basic field quantities
/

Figure 4.8. Summary of steps in Maxwell 2D software. Showing the three stages of

FEA: Pre-processor, Solution, Post-processing.
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4.9.1 Initial design data

The outline dimensions of the rotor and the stator dimensions determined in sections 4.3

and 4.4 is used to define the MAXWELL 2D geometric model.

The material used to define the stator and rotor lamination characteristics is 1/8()() and is

based on the material supplied by the manufacturer. The B/H characteristic curve of this

material is shown in figure 4.9.

The other materials used in object definition are:
e air,
e stainless steel for the shaft (14,=1),
e copper for windings, and

e the permanent magnet material, N35H.

Bvs . H for M800

B (T)

0 200000 400000 600000 800000
H (A/m)

Figure 4.9 .The B-H characteristics of stator steel defined as V800
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The flux density around the air-gap, through 360° electrical angle. is shown in figure
4.10. The figure shows the effect of the teeth on the shape of the flux density. The flux
density has a maximum value near to 0.95 which agrees with the value calculated from

linear analysis, section 4.3.

Flux density (T,

-15 : o

Electrical angle (degrees)

Figure 4.10. Flux density around the air-gap. The effect of stator slots and teeth on the

shape of the flux density waveform is clear seen.

Figure 4.11 illustrates a flux density map of the geometry with no armature current and
a fixed rotor position. As expected, the flux density in the slots is close to zero. It is
clear from the figure that the flux density in the teeth agrees with the linear design,
1.75T. The figure also shows that the flux density around the stator mounting holes 1s
around 2.5T, which is a saturated value. This then distorts the back EMF and the effect

is different for each phase as will be discussed in section 4.11.
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Figure 4.11. Flux density map of the machine with associated key. The maximum flux
density, 2.5T. Two contour lines are shown, one through a tooth (linel)
and the other through a slot (line2). These are used to plot flux density
profiles in figure 4.12 and 4.13.

Figures 4.12 and 4.13 show the flux density plot along the two contour lines shown in
figure 4.11. Figure 4.12 shows the flux density along line 1. The flux density has a zero
value in the shaft as the shaft is non-magnetic. The maximum value of flux density in
the tooth is 1.8T. This value is comparable to the linear design, 1.75T. Figure 4.13
shows the flux density along line 2 from the centre of the machine through a slot. The
flux density in the slot is equal to zero. The maximum flux density occurs at the back
iron, 1.75T, which agrees with the linear design value. It is clear from figure 4.10 to

4.13 that the flux density in the stator lamination does not reach a saturated value except

for around the mounting holes in the stator.
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Figure 4.12. Flux density from the centre of the rotor to the outside of the stator along
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Figure 4.13. Flux density from the centre of the rotor to the outside of the stator along

line2.
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4.10 Cogging torque

Cogging torque is an important issue in permanent magnet machines and. as identified
in Chapter 2, significant in deterring low speed start up of wind turbines [4.4]. Cogging
torque is caused by the magnetic interaction between the rotor-mounted permanent
magnets and the salient stator structure [4.5]. The salient stator structure changes the
air-gap reluctance and results in periodic stable rotor positions. Many studies have
investigated cogging torque reduction [4.6]-[4.10], such as reducing the magnet arc,
skewing magnets or slots, auxiliary slots and teeth, and fractional slots. Many of these
methods are expensive and reduce the flux and torque capability. The method used in
this thesis combines fractional slots with a reduced magnet arc as described in section
4.1. The fractional slot is a good method to reduce the cogging torque [4.1]-[4.2],
[4.10]-[4.11]. The cogging torque produced by the prototype machine is shown in figure
4.14 for one slot pitch and was estimated using FEA. This figure shows that the peak-to-
peak cogging torque is 0.21Nm which represents 4.2% of maximum torque (SNm).

Torque vs Rotor angle
0.5
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a.l
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forque (N-m)
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1 1 — .

PR P a2 )
_0.|50. P " .2‘ é Iz IB 20 24
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Figure 4.14. Cogging torque over one slot pitch for the unexcited 4-pole. 30-slot

prototype generator.
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4.11 No-load Back EMF

The no-load back EMF can be calculated from the distribution of magnetic field in the
air-gap produced by the magnets. The calculation is performed on two designs: the
proposed design, without mounting holes in the stator, and the practical design with
mounting holes in the stator. Figure 4.15 and 4.16 show the back EMF for the three- and
five-phase for the proposed design. The back EMF of the five-phase generator has a flat
top equal to 45° and the three-phase generator has a flat top equal to 54°. It is clear from
the figures that in the five-phase generator each phase is displaced by 72° (electrical)
and in the three-phase generator each phase is displaced by 120° (electrical). This
confirms the winding configuration in section 4.6. The peak phase voltage is 48V for
the five-phase generator and 55V for three-phase generator. These are close to the

design values in section 4.6

60

40 { <

Phase back emf (V)

Rotor angle (Electrical degrees)

Figure 4.15. Back emf waveform of the three-phase generator at 1400rpm for the

proposed design.
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Phase bach emf (V)

Rotor angle (Electrical degrees)

Figure 4.16. Back emf waveform of the five-phase generator at 1400rpm for the

proposed design.

The effect of the mounting holes in the back EMF is shown in figures 4.17 and 4.18 for
both the five- and three-phase generator respectively. The effect of the mounting holes
in the stator is clear in phase-e, phase-d and phase-c waveforms in the five-phase
generator. The figures show the practical design waveform and proposed design
waveform (dotted line). The distortion is partly alleviated by using tight fitting steel rod
to orientate and fix the end caps to the frame. The peak back EMF for both generators is

the designed value.
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Figure 4.17. Back EMF waveform of the five-phase generator at 1400rpm for the
practical design and proposed design.
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Phase back EMF (V)
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Figure 4.18. Back EMF waveform of the three-phase generator at 1400rpm for the

proposed design and proposed design.

4.12 Summary

In this chapter, the three-phase and five-phase permanent magnet generators are
designed. Linear design is performed first, using the PM magnetisation curve and
simple analytical methods. Winding configurations for both generators are proposed to

give the same rectified output dc voltage and power.

The conductor size and the number of turns per phase is calculated using the linear
design technique and is checked using FEA. The phase resistance, self inductance and
mutual inductance are estimated using linear design. The three-phase generator has a
resistance which is 65% of the five-phase generator. The five-phase generator has a self
inductance which is 8% less than the three-phase counterpart. The three-phase mutual
inductance is 30% of the self inductance. The five-phase generator has two mutual
inductances; between adjacent phases, which is 20% of the self inductance and has a

positive value, and between non-adjacent phases, which is 60% of the self inductance

(with a negative value).

In chapter 5, the Maxwell 2D software is used to evaluate the performance of the

generator when connected to the diode bridge rectifier with a resistive load and dc link

capacitor and uses the software’s transient solver.
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Chapter S

Evaluation of the performance of the prototype five- and three-phase

generators using FEA and experimental tests

5.1 Introduction

In this chapter, the performance of the prototype five- and three-phase PM generators.
connected to diode bridge rectifiers, is evaluated using both the FEA and experimental

tests. The Maxwell 2D software discussed in Chapter 4 is used for FEA.

FEA analysis is performed on two designs. One design does not have the four mounting
holes in the stator lamination (the ‘proposed design’) and the second design includes the
mounting holes (the ‘practical design’). The results for both designs are discussed in
sections 5.2 and 5.3. A comparison between the five- and three-phase systems is
presented. Section 5.4 considers the impact of introducing the mounting holes in the
stator. The mounting holes were an undesired addition made by the manufacturer during
the fabrication process. Unfortunately, they have a significant impact on the
performance of the two machines, particularly the 5-phase generator, which will be

discussed.

The two stator stacks with windings were fabricated and could be interchanged within a
common stator frame (one stator stack for the five-phase generator and the other stator
stack for the three-phase generator). The 4-pole rotor designed in chapter 4 is also
common to the five- and three-phase generator. A test rig was constructed to assess the
performance of the permanent magnet generators connected to associated diode

rectifiers and a comparison made between the five- and three-phase system.

In section 5.5 of this chapter, the generator iron losses and the generator parameter
measurements are discussed. The generators are connected to diode bridge rectifiers
with resistive loads and a dc link capacitor. The shaft torque and shaft power are

estimated from the instantaneous phase currents and back emis. The dc output voltage
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and power are measured under full load conditions. The results from the five-phase
system are compared with the results from the three-phase system and are discussed in
section 5.6. The significant outcome of the testing is that the five-phase svstem has

improved performance in terms of shaft torque ripple compared to the three-phase

system.

5.2 Simulation using finite element analysis

The Maxwell 2D transient solver is used to analyse the performance of the two systems
and has a feature to connect external electrical circuits to the phase windings. This
provides a means of coupling the electromagnetics of the generator to the electrical
circuit characteristics of the diode rectifier. This allows variables such as shaft torque,
phase current and rectifier output voltage to be accurately simulated and assessed. The
five- and three-phase systems are analysed both for the proposed design and the
practical design. The mounting holes of the practical design effect the phase back emf
waveform. The FEA results from the practical design are compared with the
experimental results and comparison made on both the AC side and DC side. The AC
side comparison includes the generator shaft power. shaft torque and phase currents. and

the DC side compares the output dc voltage, load power and capacitor current.

5.3 FEA results of proposed design

The phase back emf voltages of the five- and three-phase systems are shown in figure
5.1. The five-phase back emf has waveform with a 45° (electrical) flat top. The three-
phase back emf has a 54° (electrical) flat top. The resultant non-adjacent line voltage in
the five-phase system and the line voltage in the three-phase system are shown in figure
5.2(a) and (b) respectively. Figure 5.2 shows only two line voltages, the remaining linc
voltages have the same waveshape. From figure 5.2, the output voltage from the
rectifier is expected to have a peak-to-peak ripple in the ideal case (that is. without Dc
link capacitor and generator self- and mutual-inductance) of 8.7% of the peak value in
the five-phase system. In the three-phase system this would be 21% of the peak value.
Therefore, more capacitance is required in the three-phase system to achicve the same

output voltage ripple. The FEA results confirm the findings reported in Section 3.3.1 for

the developed model.
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Figure 5.1. FEA back emf (phase) for the five-phase and three-phase generators on no load, for
the proposed design, (a) five-phase (b) three-phase.
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Figure 5.2. FEA back emf (line) for the five-phase and three-phase systems on no load, for the
proposed design, (a) five-phase (b) three-phase

3.3.1 Generator shaft torque, power, and phase current

Figure 5.3 shows the generator shaft torque for the five- and three-phase systems at full
load with a dc link capacitor of 470uF for the five-phase system and 2200uF for the
three-phase system. The speed of the generator shaft is 1400rpm for both generators.
The peak-to-peak ripple in the five-phase system (0.7Nm) is approximately 15% of the
average torque (4.7Nm). The peak-to-peak ripple for the three-phase system is 34% of
the average torque (4.6Nm). It is observed from the figure that the generator torque has
fundamental frequency for the five-phase system equal to ten times the generator
frequency and for the three-phase system it is six times. The generator noise and
vibration will be significantly greater in the three-phase system when compared with the
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five-phase system. Firstly, as the magnitude of the torque ripple is higher in the three-

phase system. Secondly, the low pass filtering effect the mechanical system attenuates

the vibration more in the five-phase case as the frequency of the torque ripple is higher.
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Figure 5.3. Generator shaft torque for the proposed design using FEA (a) five-phase

system, and (b) three-phase system.

Figure 5.4 shows the input shaft power to the generator for the five- and three-phase
systems. The peak-to-peak ripple for the three-phase system (233W) is approximately
34% of average value (674W). It is clear from the figure that the five-phase system has
a lower peak-to-peak ripple compared to the three-phase system (a factor 2.2 of lower).

This is a significant advantage of the five-phase system over the three-phase system.
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Figure 5.4. Input shaft power to the generator for the proposed design using FEA
(a) five-phase system, and (b) three-phase system.
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Figure 5.5 shows phase-a current in the five- and three-phase systems. The RMS
currents are 4.5A and 6.5A for the five- and three-phase generators respectively. This is
the rated RMS current for both generators. As expected the RMS value of the phase
current of the three-phase system is 30% higher than the five-phase system. The
commutation angle in the five-phase system is equal to 19° (electrical) and for the three-
phase is 18° (electrical) which are close to the simulation results (23.3° for the five-

phase system and 19.8° for the three-phase system).
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Figure 5.5. Phase-a current in the generator for proposed design using FEA

(a) five-phase system, and (b) three-phase system.

The diode current for the five- and three-phase systems is shown in figure 5.6. The
diode in the five-phase system conducts for a period of 92.5° and in the three-phase
conducts for 138°. The diode rms current in the five-phase system (1.6A) is 48% lower
than the three-phase system (2.9A). The diode losses are calculated using

Parirns = VO, 0t (5.1)

h

where Vy(t) and Iy(t) are the instantaneous diode voltage (0.8V) and current respectively,
and ¢; and ¢, are the initiation and termination times of the diode conduction period. The
diode losses in the three-phase system are a factor of 1.8 greater than the five-phase
system. Even though the total number of the diodes in the five-phase system is higher
than the three-phase system (10 compared to 6), the total diodes losses in the five-phase
system (12.8W) are still lower than the three-phase system (14W).
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Figure 5.6. Diode current for proposed design using FEA (a) five-phase system, and
(b) three-phase system.

5.3.2 Dc output voltage and power

Figure 5.7 illustrates the output voltage of the diode rectifier for the five- and three-
phase systems. The Dc link capacitor in the five-phase system (470uF) was chosen to
give a similar voltage ripple to the three-phase system using a 2200pF dc link capacitor.
The five-phase peak-to-peak voltage ripple is 0.4V at rated load. The peak-to-peak
ripple in the three-phase system is only slightly higher than the five-phase system (about
16% higher). The lower voltage ripple is the five-phase case is due to the flatter top in
the phase back emf of the five-phase generator as shown previously in figure 5.2. The
three-phase system requires more capacitance for the same ripple voltage or a higher
magnet coverage factor. This leads to higher cost. Hence the five-phase system will
generate less peak-to-peak output voltage ripple compared to the three-phase system

with the same magnet material.
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Figure 5.7. Dc output voltage from FEA without mounting holes in the stator.

Figure 5.8 shows the dc load power for the five- and three-phase systems. The average

load power in both systems is nearly the same value. From these figures the peak-to-

peak ripple in the dc power delivered by the five-phase system is 0.4 of the three-phase

system.
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Figure 5.8. Dc output power for the proposed design using FEA (a) five-phase system,

and (b) three-phase system.
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Table 5.1 summarises the FEA results of the two systems for the proposed design. It is
clear from the table that the five-phase system has improved performance compared to
the three-phase system in the case of shaft torque ripple. This is a significant advantage

of the five-phase system over the three-phase system.

Table 5.1 The FEA simulation results for the three- and five-phase systems for the

proposed design.
Three-phase Five-phase
Ac side Average Peak-to-peak Average Peak-to-peak
ripple ripple

Shaft torque (Nm) 4.6 1.6 (34%) 4.7 0.7 (153%0)
Shaft Power (W) 674 233 (34%) 683 104 (15%)
Phase current (Ams) 6.5 4.7

Dec side
Dc voltage (V) 78.4 0.7 (0.9%) 78.2 0.4 (0.5%)
Dc power (W) 616 13 (2%) 611 6 (1.2%)

5.4 FEA of the practical design

The back emf of the five- and three-phase systems using the practical design is shown in
figures 4.16 and 4.17, Chapter 4. The back emf generates a non-adjacent line voltage in
the five-phase generator and a line voltage in the three-phase generator as shown in
figure 5.9. It is clear from figure 5.9 that the line voltage is distorted due to the presence
of the mounting holes. It is observed from the figure 5.9(a) that the output dc voltage in
the five-phase system is expected to have peak-to-peak ripple higher than the proposed
design as the distortion in the line voltage envelope has a significant impact. The
performance of the practical design will be different from the proposed design. The
discussion through this section of the thesis is for the five-phase system over onc
complete electrical period but focused on the period where the non-adjacent line voltage
is similar to the waveform of the proposed design. Figure 5.9(a) identifies this period.
“A’. The effect of the mounting holes manifest themselves in the dc output voltage and

power. The five-phase system still delivers a lower peak-to-peak shaft torque ripple
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compared to the three-phase system, Section 5.3.1. The effect of the holes in the three-
phase system is the same in all phases such that the three-phase system still generates
balanced line voltages as shown in figure 5.9(b). Hence, the mounting holes have a

minimal effect on the three-phase generator.
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Figure 5.9. FEA results for (a) five-phase non-adjacent line voltages and their inverse
and (b) three-phase line voltages and their inverse, for the practical design
showing the line voltage envelope. ‘A’ identifies the period over which the

practical design and proposed design are similar.

5.4.1 Generator shaft torque, power and phase current

The five- and three-phase FEA simulation results for the practical machine (with
mounting holes) is shown in Figures 5.10 to 5.12 for the generator side. Figure 5.10
shows the generator shaft torque for the five-phase system. The figure focuses on the
period ‘A’ between 108° and 180°. From the figure the generator has a peak-to-peak
torque ripple in this period equal to 0.9Nm and it is approximately 19% of the average
value. This value increases to 34% if one complete cycle is analysed. It is observed
from the figure that the fundamental frequency of the shaft torque is two times the
generator output frequency (46.7Hz) but has a significant component at ten times the
generator frequency. The torque component observed at ten times the frequency is

predicted from the simulation results in Chapter 4 and with FEA simulation on the

proposed design (Section 5.2).
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Figure 5.10. Five-phase generator shaft torque of practical design using FEA showing
the period ‘A’ between 108° and 180° (72°).

Figure 5.11 shows the three-phase generator shaft torque for one complete electrical
period. The peak-to-peak ripple (1.7Nm) is 37% of the average value (4.6Nm). The
mounting holes have the effect of increasing the torque ripple in the three-phase system

by around 4% compared to the proposed design.
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Figure 5.11. Three-phase generator shaft torque of the practical design using FEA
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Figure 5.12 shows the generator shaft power for the five-phase system. If the complete
electrical period is taken the peak-to-peak ripple (238W) is approximately 34% of the
average value (689W). During period A, the peak-to-peak ripple (140W) is
approximately 20% of the average value and this agrees with the simulation of the

proposed design.
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Figure 5.12. Five-phase generator shaft power of the practical design using FEA,
showing the period ‘A’ between 108° and 180° (72°).

Figure 5.13 shows the three-phase generator shaft power over one period. The peak-to-
peak ripple is approximately 38% of the average value (684W). It is clear from figures
5.12 and 5.13 that the five-phase system still generate a lower peak-to-peak ripple in the
shaft power (238W) compared to the three-phase system (424W). This reduction in
shaft power ripple occurs even though the mounting holes have a significant impact on

the back emf waveform of the five-phase generator.
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Figure 5.13. Three-phase generator shaft power of the practical design using FEA,
showing the period ‘A’ between 108° and 180° (72°).
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Each phase current in the five-phase generator has a different rms value. This difference

is as high as 6% and is primarily due to the distortion in the phase back emf caused by
the presence of the mounting holes in the stator.

5.4.2 Dc output voltage and power

Figures 5.14 and 5.15 show the dc output voltage and power respectively for the five-
and three-phase systems. From figure 5.14(a) the dc output voltage of the five-phase
system has a peak-to-peak ripple of 4.7V which is approximately 6 % of the average
value (73V). The three-phase system has a lower peak-to-peak ripple (3%). However,

focussing on period A, the peak-to-peak ripple for the five-phase systems is as predicted
by simulation.
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Figure 5.14. Dc output voltage of the practical design using FEA (a) five-phase and (b)
three-phase.

Figure 5.15 shows the output power for both the five- and three-phase systems. The
five-phase system has an average value of 618W and peak-to-peak ripple of 12% of the
average value. This ripple is twice the ripple in the three-phase system as observed from

the figure.
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Figure 5.15. Dc output power of the practical design using FEA (a) five-phase and (b)

three-phase.
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Table 5.2 summarises the FEA results of the two systems for the practical design. It is
clear from the table that the five-phase system has better performance compared to the
three-phase system in terms of generator shaft torque ripple, but the three-phase has
better performance in terms of ripple in the output dc voltage and power. This primarily
due to the effect of the mounting holes in the stator. By focussing on a limited period
‘A’ of the output and input waveforms, where the effect of the mounting holes are not
significant, it has been shown that the practical design produces output and input
waveforms that correlate well with simulation of the proposed design. Therefore,
focussing on the this period of operation provides a mechanism of validating the design

and the performance improvement by the 5-phase design compared to the 3-phase

design.

Table 5.2. The FEA simulation results for the three-and five-phase systems for the

practical design.

Three-phase Five-phase Five-phase for
period ‘A" (72°)
Ac side Average Peal-peak Average Peak-peak Average Pea_k-peak
ripple ripple ripple
Shaft torque (Nm) 4.6 38% 4.7 34% 4.7 20%
Shaft Power (W) 684 38% 686 34% 688 20%
Dec side |
Dc voltage (V) 73 3% 73 6% 74 3%
Dc power (W) 617 6% 618 12% 605 6%

5.5 Performance analysis using experimental tests

The two stators designed in Chapter 4 were fabricated (one stator for the five-phase
generator and one stator for the three-phase generator). Both stators include the
mounting holes. The 4 pole rotor described in section 4.3 is common to both generators.
A test rig was designed and constructed to assess the performance of the five- and three-
phase permanent magnet generators operated with a diode rectifier. The results are used

to compare the performance of the 3- and 5-phase system.
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3.5.1 Test rig layout

The general layout of the test rig is shown in figure 5.16. The rig comprises a
1. Variable dc power supply.
2. Permanent magnet dc motor.
3. Permanent magnet generator.
4. Diode bridge rectifier.
5. Dc link capacitor.
6. Resistive load bank.

The variable dc power supply is used here in a current controlled mode and supplies the
permanent magnet dc motor. The permanent magnet dc motor is used to drive the
permanent magnet generator and is rated at SNm at 39A and 1400rpm at 36V.

Appendix C provides the specification of the motor.

The diode bridge rectifier is designed to work with both five- and three-phase
permanent magnet generators at full load. The diode used in this experiment is a 30A
200V (30CTHO02). The output from the rectifier supplies a resistive load bank and the
Dc link capacitor. The dc link capacitor is 470pF for the five-phase system and 2200uk
for the three-phase system which give the same output dc voltage ripple for both the

five- and three-phase system at rated load, Section 7.4.
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Figure 5.16. The general arrangement of the test rig showing the permanent magnet

generator under test, the prime mover and diode rectifier.

5.5.2 Assessment of generator iron loss and friction and windage loss

The iron, and friction and windage loss primarily depends on the shaft speed [5.1]-[5.4].
The generator iron and friction and windage loss is calculated using standard loss

separation tests where generator is driven by the prime mover. Figure 5.17 shows the

variation of the losses with generator shaft speed.
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Figure 5.17. Showing prototype generator’s iron and mechanical losses vs. speed.

As the generator is designed to work at a rated speed of 1400rpm the iron and
mechanical losses total 32W. The losses for both 3- and 5-phase generators are the same

as they share the same rotor and the same stator lamination geometry.

5.5.3 Generator parameters

The generator parameters (phase resistance, phase self- and mutual-inductance) are
measured using an RCL meter (FLUKE PM6306). Tables 5.3 and 5.4 compare the
measured values with the design values for the five-phase and three-phase generators
respectively. Section 4.7 details the derivation of the design values. The results confirm
the value of the two mutual inductances of the five-phase generator; the adjacent mutual
inductance, M, has a value approximately equal to 1/5 of the self inductance and the
non-adjacent mutual inductance, M,, has a value approximately equal to 3/5 of the self
inductance. This agrees with the theoretical values. It is also shows the mutual

inductance in the three-phase generator is 1/3 of the self inductance.

Table 5.3. Five-phase generator parameters

Parameter Practical Analytical
Phase resistance, R 0.65Q 0.6Q2
Phase inductance, L 1.3mH 1.2mH
Adjacent mutual inductance, M, 0.24mH 0.2mH
Non-adjacent mutual inductance, M, 0.62mH 0.6mH
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Table 5.4. Three-phase generators parameters

Parameter Practical Analytical
Phase resistance, R 0.54Q2 0.43Q
Phase inductance, L 1.ImH 1.3mH
Mutual inductance, M 0.36mH 0.43mH ;
5.5.4 Back EMF waveforms

The back EMF of the generator phases on no load, at rated speed (1400rpm), were
measured. The generator is rotated using the PM dc motor. Figures 5.18 and 5.19 show
the five-phase and three-phase back EMFs respectively. These figures show the
distortion of the back EMF waveforms due to the presence of the mounting holes in the
stator. Phase-e and ¢ in the five-phase generator are particularly affected and have a
higher peak value with a less pronounced flat top. The amplitude of phase back EMF is
48V in five-phase generator and 53V in three-phase generator, which are similar to the

design values in section 4.6.
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Figure 5.18. Measured phase back EMFs of the five-phase generator.
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Figure 5.19 Measured phase back EMFs of the three-phase generator.

The measured phase back EMF is compared with FEA results. Figure 5.20 shows
phase-a back EMF of the five-phase generator. Figure 5.21 shows the equivalent for the

three-phase generator. It is clear from the figures that the measured results confirm the

FEA results in section 4.11.
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Figure 5.20. Phase-a back EMF of five-phase generator showing the measured and FEA

results.
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Figure 5.21. Phase-a back EMF of three-phase generator showing the measured and
FEA results.

5.6 Experimental Results

The generator is connected to a diode bridge rectifier with a resistive load and dc link
capacitor. The generator speed is set at 1400rpm with a resistive load of 10Q. The dc
link capacitor for the five-phase system is 470uF and for the three-phase system

2200pF.

5.6.1 Generator shaft torque, power and phase current

The generator shaft torque and power are estimated from the phase currents and the
phase back EMF. The estimated generator shaft torque is shown in Figure 5.22 for the
five- and three-phase systems. The average values of the shaft torque for both systems
to deliver rated load are slightly higher than predicted by FEA. This is due to the iron
loss and mechanical loss which are not modelled by the FEA. From figure 5.22(a) the
five-phase generator has a peak-to-peak ripple of 1.8Nm which is 36% of the average of
4.9Nm. By selecting the period between 108° and 180°, the torque ripple is reduced to
0.9Nm (18%) as predicted by FEA for the proposed design. In terms of the performance
discussion it is fair to discuss the performance during this period as being indicative of
the proposed design. The three-phase generator has an average torque value of 4.9Nm
with a peak-to-peak ripple of 1.5Nm (31%). Because the distortion in the three-phase
back emf is the same in all phases and the line to line voltage is not distorted

significantly, unlike the five-phase generator, the calculation for the three-phase system

is performed over one complete electrical period.
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Figure 5.22. Estimated shaft torque from the practical test for the (a) the five-phase
generator showing the period A where the non-adjacent line voltage is not

distorted (72°), and (b) the three-phase generator.

Figure 5.23 shows phase-a and -b currents in the five- and three-phase systems. The
commutation angle in the five-phase system is equal to 21° (electrical) and for the three-

phase is 22° (electrical) which are slightly different from the simulation.
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Figure 5.23. Measured phase-a and -b currents in the generator for the (a) five-phase

system, and (b) the three-phase system.

Figure 5.24 shows the diode current for the five- and three-phase rectifiers. It is clear
from the figure that the diode conducts for a shorter time in the five-phase system
compared to the three-phase system. The rms current in the diode is 1.5A in the five-
phase system and 2.9A in the three-phase system. These correlate with the FEA results

reported in Section 5.3.
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Figure 5.24. Measured rectifier diode current for (a) the five-phase system and (b) the

three-phase system.

5.6.2 Output dc voltage and power

Figures 5.25 and 5.26 show the output dc voltage and load power for the five- and three-
phase systems respectively. It is clear from the figures that the peak-to-peak ripple in
the five-phase system is greater than the three-phase system, and different from that
predicted by simulation in chapter 3 and FEA in section 5.3. This is due to the distortion
in the phase back emf due to the presence of the mounting holes in the stator. For a fair
comparison between the two systems period A in figure 5.25(a) and 5.26(a) for the five-
phase system is taken as an indicative period of the performance of the proposed design.
The five-phase system has peak-to-peak voltage ripple of 1V and an output power ripple
of 17W during period A. These are less than the three-phase system ripple shown in
figure 5.25(b) and 5.26(b) which are 2V and 36W respectively.
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Figure 5.25. Output dc voltage from the practical test for (a) the five-phase system.
showing the period *A’ where the non-adjacent line voltage is not distorted

and (b) the three-phase system.
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Figure 5.26. Output dc power from the practical test for (a) the five-phase system.

showing the period A where the non-adjacent line voltage is not distorted

and (b) the three-phase system.

The results are summarised in Table 5.5. It is clear from the results that the five-phase

system has better performance than the three-phase system in the period where the non-

adjacent line voltages are not distorted by the mounting holes.

Table 5.5 The experimental results for the five-and three-phase systems

Three-phase Five-phase for one Five- phase for
completed period period *A’(72°)
Ac side Average Pealc-peak Average Pea.k-peak Average Pea'k-peak
ripple ripple ripple
Shaft torque (Nm) 4.9 31% 4.88 36% 4.7 18%
Shaft Power (W) 719 31% 716 36% 692 18%
Diode current (Ams) 4.8 33 33
Dc side
Dc voltage (V) 73 3% 73 6.5% 72 1.4%
Dc power (w) 606 6% 607 13% 595 2.9%




5.7 Summary

In this chapter, the performance of a five-phase and three-phase permanent magnet

generator connected to diode bridge rectifier is evaluated using FEA and practical tests.

Two designs are modelled using FEA to evaluate performance of the proposed design,
(without mounting holes in the stator) and the practical design (with mounting holes).

The FEA results for the proposed design show that the five-phase system has lower
peak-to-peak shaft torque ripple, 0.7Nm, compared to the three-phase system, 1.6Nm.
The output voltage and load power peak-to-peak ripple in the three-phase system is 16%o
higher than the five-phase system for the chosen values of the dc link capacitor. For the
same capacitance the five-phase system can use less magnetic material and generate the
same dc output peak-to-peak ripple compared to the three-phase system. Alternatively.
with the same volume of magnetic material, less capacitance is required in the five-

phase system to generate the same output voltage ripple as the three-phase system.

An experimental test rig is described and tests on the five- and three-phase systems at
rated load are reported. A comparison between the five- and three-phase system is
provided. Due to the distorted phase back EMF in the five-phase system, the
comparison of the practical design do not compare well with the FEA or simulation
results. Hence comparison is made over a restricted period of the electrical cycle where

the non-adjacent line voltages are not significantly affected in the five-phase system.

The diode rms current in the five-phase system is a factor of 0.55 of the three-phase
system and the total diode losses are lower in the five-phase rectifier. Therefore, the
five-phase system requires diodes with lower current ratings compared to the three-
phase system. It is also shown that the five-phase system can use a lower value of
capacitance for the same output voltage ripple. In this case 470uF compared to 2200uF

for the three-phase system. The performance and specification of the capacitor in both

systems are discussed further in Chapter 7.
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In general, if the practical machine was fabricated without the mounting holes the five-
phase system would have better performance in term of shaft torque ripple compared to

the three-phase system for the same output dc voltage and power.
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Chapter 6

Performance of a five-phase PM generator with diode bridge rectifier

under open-circuit phase failures

6.1 Introduction

In this chapter, the performance of a five-phase permanent magnet generator connected
to a diode bridge rectifier under open-circuit failure conditions is assessed through
simulation and experiment. The performance of the five-phase system is compared with
that of a three-phase system under open-circuit failure.
Three possible open-circuit phase failure modes in the five-phase machine are
considered [6.1]-[6.2]

1. one open-circuit failure,

2. two adjacent phases failing open circuit (for example, A and B). and

3. two non-adjacent phases failing open circuit (for example, A and C).

For the three-phase machine one single phase open-circuit failure mode is assessed.

In this chapter, the estimated permanent magnet generator torque and power are
presented for each of these failure modes. Also the impact of these failure modes on
rectifier output dc voltage and power are discussed. In section 6.2, simulation results are
used to examine the performance of the five- and three-phase generator systems under
the open-circuit failures described above. To verify the simulation and demonstrate

practical applicability, experiments are performed and the results presented in

section 6.3

6.2 Simulation of permanent magnet generators with open-circuit phase failures

In the five-phase system two cases of open-circuit failure considered; a single-phasc
open-circuit and two phases open-circuit. The two phase open-circuit mode can occur in
two ways; two adjacent and two non-adjacent open-circuit phase failures. The adjacent

and non-adjacent failure modes have a radically different impact on the resultant



performance of the generator. The simulation assumes a sine wave back emf and the

generator parameters from Tables 5.3 and 5.4.

6.2.1 Single open-circuit phase failure

Figure 6.1 shows a five-phase permanent magnet generator connected to a diode bridge
rectifier with phase-a open-circuit. The permanent magnet generator is still able to

deliver power to the load through the remaining four phases.

5 55 3 st*

Eb tm2 R i
AN
\4 [
g; L R é
- 7 M2 '\Mz ) ClL SRL
| v > VdC
_ L R
Ed id
N
rd

-
FY
L -
¥ 3

bt
ot

Figure 6.1. Five-phase permanent magnet generator feeding a diode bridge rectifier with

single open-circuit phase failure. Phase-a is open-circuit.

Similar to when all phases in the five-phase generator are functioning correctly. under a
single open-circuit failure, non-adjacent line voltages provide load power through their
associate diodes. Figure 6.2 shows the resultant non-adjacent line voltages when
phase-a is open-circuit. This figure clearly shows the periods where phase-a and its
related non-adjacent line voltages, are absent. Effectively 4 out of 10 line voltages arc
no longer generated. This leaves 6 line voltages- still twice as may as three-phase case
under normal conditions. The line voltages E.. and E. now have to conduct until they
fall to 42% of the peak line voltage, (neglecting phase inductance and resistance and an
assum

ption of no dc link capacitor). The diode rectifier output voltage decreases to a

minimum of 0.4217. In a practical system, the dc link capacitor and phase inductance
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will impact on output voltage and the resultant output voltage may be more than 0.427;.
However, in both ideal and practical cases, the output ripple voltage is expected to be

higher and the average output voltage reduced compared with all 5 phases functioning

correctly.

Non-adjacent line voltage (V)

j ! 1 |
0 18 36 54 72 90 108 126 144 162 180 198 216 234 252 270 288 306 324 342 360

Rotor angle (Electrical degrees)
Figure 6.2. Five-phase non-adjacent line voltage for one cycle, with phase-a open-

circuit

Figure 6.3 shows the back emf phase voltages when phase-a is open-circuit and
identifiers the approximate conduction periods of each phase. From figure 6.3 non-
adjacent phases -c and -d conduct for periods of 72° (electrical). The adjacent phases, to
the open-circuit phase, phase-e and phase-b, conduct for periods of 108° (electrical).
Therefore, the rms phase current is expected to be higher in the adjacent phases (e and
b) compared to non-adjacent phases (¢ and d), and potentially, higher compared to the
normal condition (under the same load conditions). The increase in rms current of
phase-e and -b leads to an increase in the copper loss in phase-e and -b. Likewise the
decrease in rms current in phase-c and -d leads to a decrease in copper loss. The
insulation temperature of phase-e and -b will increase if the phase current is higher than
rated current and potentially will exceed maximum rating. In the practical system, the
resultant value of the rms phase current depends on permanent magnet generator
parameters and dc link capacitor and load. The dc link capacitor has a significant effect
on the rms phase currents. The phase current conduction periods are altered when a dc

link capacitor is included. For example, in Figure 6.2, the capacitor will not be charged
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from the peak of E,. at 36° until close to peak of Eps at 144°. That is a 108° period
during which no phase will conduct and charge the dc link capacitor. Under such
circumstances, the rms phase current of phase-b and -d will be significantly higher as all
the energy supplied to the load during this 108° period is replenished by phases b and d

resulting in high crest factor phase current.
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Figure 6.3. Five-phase back emf phase voltages for one cycle. when phase-u
disconnected, showing the period where the phase currents conduct under

ideal conditions with R, L,M and dc link capacitor neglected.

In the three-phase system, with one phase open-circuit failure the system effectively

functions as a single-phase full-bridge rectifier. The remaining two phase currents have

the same rms value.

In this section, the generator parameters used in chapter 3 to simulate the five-phase and
three-phase systems are used to simulate the generator torque and power. rectifier
output dc voltage, and output power with one open-circuit phase failure. The results are
used to compare between the two systems in order to evaluate advantages and
disadvantages of five- and three-phase systems. The generator speed is kept constant, at
1400rpm, as the system is assumed to be driven by a wind turbine’s blade system,
where the mechanical and aerodynamic time constant are such that for the initial period
of the fault the rotor speed can be assumed constant. The results are categorised into:

generator torque and shaft power, rectifier dc output voltage and power, and rms phase

current.
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i- Generator shaft torque and power

Figure 6.4 shows the generator torque with phase-a disconnected. The peak-to-peak
ripple (8.5Nm) is approximately two times the average torque value (4.28Nm). The
average torque is decreased by 9.9% compared to the normal condition. It is observed
from the figure that the generator torque reaches a null for a short time, in this case less
than 2° (electrical). The fundamental frequency of the shaft torque is 93.3Hz. The torque
ripple will generate vibration and noise. The simulation results of the three-phase
generator torque when phase-a is open-circuit are shown in figure 6.5. The peak-to-peak
ripple (9.5Nm) is approximately 2.9 times the average torque value (3.28Nm). The
average torque is decreased by 18.6% from the normal condition. The figure shows that

the generator torque has a null period that is 72° (electrical).
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Figure 6.4. Five-phase PM generator shaft torque with phase-a open-circuit.
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Figure 6.5. Three-phase PM generator shaft torque with phase-a open-circuit showing
the 72° period where the torque equals zero.
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From Figures 6.4 and 6.5, the torque ripple of the five-phase machine is lower in
magnitude than that of the three-phase machine, and the average torque of the five-
phase machine is 23% higher than the three-phase machine. The vibration and the noise
from the three-phase generator would be expected to be higher than the five-phase
generator as the result of the higher magnitude fundamental torque ripple component.

Figure 6.6 shows the generator power for the five- and three-phase case when phase-a is
open-circuit. The five-phase system has an average value approximately 10.5% higher
than the three-phase system. The power in the five-phase generator decreases by 8.9%
and in the three-phase generator decreases by 18.2% from the normal condition. It can
be seen that five-phase system captures more power from the prime-mover than the
three-phase system. This is an advantage of the five-phase system over the three-phase

system under single open-circuit failure conditions.
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Figure 6.6. Generator shaft power with phase-a open-circuit for (a) the five-phase
generator, and (b) the three-phase generator at 1400rpm

ii- Dc output voltage and power

Figure 6.7 demonstrates the impact that an open-circuit failure has on the output voltage
of the diode rectifier for the five- and three-phase systems. The output voltage from the
rectifier that is feed from the five-phase generator has an average dc output voltage that
is 10% higher than the three-phase system. The influence of the phase-a failure in the
five-phase system is clearly shown during the period between 54°and 144° in figure 6.7.
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The dc voltage decreases to 53V which is 0.6 of the peak dc voltage. In the three-phase
system, as a higher dc link capacitor has been chosen (such that the ripple under normal
conditions is the same for the three- and five-phase cases) the peak-to-peak ripple is less

(15.8V compared to 35V).
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Figure 6.7. Five- and three-phase system output dc voltage with phase-a open-circuit.

The dec link capacitor is 470 pF for the five-phase system and 2200 uF for
the three-phase system.

Figure 6.8 shows the load power for the five- and three-phase system with phase-a
open-circuit. The average load power in the five-phase system is factor of 1.2 higher
than the three-phase system. From these figures the peak-to-peak ripple in the five-
phase system is a factor of 2 higher than the three-phase system.
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Figure 6.8 Five- and three-phase system load power with phase-a open-circuit. The dc
link capacitor is 470 pF for the five-phase system and 2200 uF for the three-

phase system.

Table 6.1 summarises the results of the two systems when phase-a is open-circuit. It is
clear from the table that the five-phase system has improved performance compared to
the three-phase system with a single open-circuit failure. The table shows that the total
losses in the three-phase system are a factor of 1.2 greater than the five-phase system.
The five-phase system efficiency is lowered by approximately 3.3% compared to the
normal condition but is higher than the three-phase system. In this simulation, as the dc
capacitor in the three-phase system is a factor of 4.7 greater than the five-phase system,
the output dc voltage and power ripple in the three-phase case is lower than the five-
phase case. The maximum Dc voltage is 88V in the five-phase system and 75V in the

three-phase system. The key outcome is that the five-phase system can deliver 538W

whilst the three-phase system can only provide 452W.
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Table 6.1. The simulation results for the three- and five-phase systems under one open-

circuit failure

Three-phase Five-phase
Ac side average Pealc-peak Average Peal-peak
ripple ripple

Shaft torque (Nm) 3.28 198% 4.28 179%
Shaft Power (W) 561 198% 627 179%

Dc side Average Average
Dc voltage (V) 67 23.6% 72.5 48%
Dc power (w) 452 46.6% 538 89.2%

Losses
Total losses(w) 108 89
Efficiency 80.7% 85.8% |

iii- Generator rms phase current

The rms phase currents in the five-phase generator are increased in the adjacent phases
and decreased in non-adjacent phases. In the three-phase system phase-b and -¢ rms
currents are increased from the normal condition. Figure 6.9 shows the phase currents
for the five- and three-phase system. The figure shows the difference in the phase
currents in the five-phase system. Table 6.2 shows the percentage increase and decrease
of the rms phase currents for both systems relative to the normal condition. The values
in the five-phase case are not the same in all phases due to the effects of phase
inductance and the dc link capacitor. The total generator copper losses with a single
open-circuit phase for the five-phase generator (78.8W) is higher than the loss under
normal conditions (65.8W) and in the three-phase generator the copper losses (102W)
significantly higher than the copper losses in normal condition (68.5W). This leads to
increased heat generation in both cases with a greater change in the three-phase
generator. In the five-phase system phase-a and -e have a peak value of phase current of

7A and phase-b and -d have the same peak value of 14.1A which is less than the peak
value in the three-phase system (18.4A).
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Figure 6.9. Phase currents for the (a) five- and (b) three-phase generators with phase-a

open-circuit.

Table 6.2. Percentage change in rms phase current values relative to the normal

condition, and peak phase current, in the five- and three-phase systems with

phase-a open-circuit.

Three-phase Five-phase
Percentage Peak value (A) Percentage Peak value (A)
change in rms change in rms
Phase-b 55% 18.4 62% 14.1
Phase-c 55% 18.4 -28.5% 7
Phase-d 45% 14.1
Phase-e -7.5% 7

6.2.2 Adjacent open-circuit phase failures

In this case, phase-a and -b are open-circuit in the five-phase system; this is an adjacent

phase open-circuit failure. The system continues to deliver power to the load, but with

higher shaft torque ripple and output voltage ripple.

i- Generator shaft torque and power

The generator shaft torque depends on phase currents. In this case only phases-c, -d and

-e conduct. Figure 6.10 shows the simulated generator shaft torque during one electrical
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cycle. The torque drops to zero for approximately 70° (electrical). This null period is
where under normal conditions, phases-a and -b would be conducting. The peak-to-peak
ripple is 9.2 Nm with an average value of 3.4Nm. The generator vibration will be higher

than that when only phase-a open-circuit due to a higher fundamental torque ripple

component.

Generator shaft torque (Nm)

0 72 144 216 288 360
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Figure 6.10. Generator shaft torque for the five-phase system with phase-a and-b open-

circuit.

Figure 6.11 shows the generator shaft power. The power has average value which is
73% of the average power developed by the system under normal operation conditions,
and 80% of the average power developed with one open-circuit failure. Further it is seen
that the peak-to-peak power ripple is increased by approximately 7% compared to the

single phase failure.
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Figure 6.11. Generator shaft power for the five-phase system with phase-a and-b open-

circuit.

141



ii- Dc output voltage and load power

The average values of dc output voltage and load power are calculated over one
complete electrical period. Figures 6.12 and 6.13 show the output dc voltage and load
power respectively when phase-a and -b are open-circuit. The average dc voltage and
load power are reduced from normal conditions by 21.6% and 22.4% respectively and

the voltage (hence power) ripple is significantly higher.
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Figure 6.12. Load voltage from five-phase system with phase-a and-b open-circuit. The
dc link capacitor is 470 pF.
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Figure 6.13. Load power from five-phase system with phase-a and-b open-circuit. The
dc link capacitor is 470 pF.

Table 6.3 summarises the simulation results for the adjacent phase open-circuit failure
condition. The peak-to-peak ripple is calculated with respect to the average value. The
total losses are calculated by subtracting the output dc power from the generator power.
With an adjacent phase failure the system efficiency is reduced by approximately 7.4%
from the normal condition. This efficiency reduction is due to the increase of stator

copper losses caused by the increased rms phase current in the three operational phases.
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Table 6.3. Simulation results for the five-phase system with adjacent open-circuit phase

failures
Ac side Average Peak-peak
ripple
Shaft torque (Nm) 34 193%
Shaft Power (W) 500 193%
Dc side Average
Dc voltage (V) 61.3 85%
Dc power (W) 410 144%
Losses
Total losses(W) 89.7
Efficiency 82.1%

iii- Generator rms phase current

The rms phase currents in the five-phase generator are increased in phase-c and -e and
decreased in phase-d as shown in figure 6.14. This is different from the ideal case due to
the presence of the dc link capacitor and generator parameters. Table 6.4 shows the
percentage change in the rms phase currents for the five-phase system relative to the
normal conditions. The increase of the currents in some phases leads to increase the
temperature in these phases. Imbalance in the phase current value increases the

vibration at the generator shaft. Table 6.4 also details the peak value of phase current.
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Phase current (A)
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Figure 6.14. Phase currents for the five-phase system with phase-a and -b open-circuit.
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Table 6.4. The percentage change in rms phase currents relative to the normal condition,

and peak phase current, in the five- phase system when phase-a and -5 are

open-circuit.

Percentage change Peak value (A)
in rms
Phase-c 80% 15
Phase-d -58% 15
Phase-e 68% 54

6.2.3 Non-adjacent open-circuit phase failures

In the case of a pair of non-adjacent phase failures, for example, phase-a and phase-c,
there are two phase current that conduct for 108° electrical degrees and the other
conducts for 144°, as shown in figure 6.15 for the case with no dc link capacitor. The
generator delivers power to the load through the remaining 6 conduction periods. The

simulation uses the same data in section 6.2.
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current period

Phase-d
current period

Phase-b current
period

Phase-d
current period
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Figure 6.15. Five-phase back emf phase voltage for one cycle, when phase-a and-b

disconnected, showing the period where the phase currents conduct.

i- Generator shaft torque and power
Figures 6.16 and 6.17 show the simulation results of the generator shaft torque and

power respectively. From figure 6.18, the torque falls to zero for two periods in one
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electrical cycle. Each of these periods lasts for 18° (electrical). The total period of zero
torque production is 36° compared to 144° for adjacent phase failures. The average
torque output is 3.9Nm with a peak-to-peak ripple of 9.2Nm. This represents 0.83 of the

average torque value under normal conditions.
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Figure 6.16. Five-phase system generator shaft power for non-adjacent open-circuit

phase failures.
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Figure 6.17. Five-phase system generator shaft power for non-adjacent open-circuit

phase failures.

ii- Dc output voltage and power

Figures 6.18 and 6.19 present the rectifier output dc voltage and load power respectively
when phase-a and -b are open-circuit. The average dc output voltage is 66.9V and
resultant load power 475W. This is 1.1 of the voltage with adjacent phase failure, and

1.16 of the average power. It is clear that a non-adjacent phase failures captures and

delivers more power compared to adjacent phase failures.
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Figure 6.18. Output dc voltage of the five-phase system with non-adjacent open-circuit

phase failures. The dc link capacitor is 470 uF.
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Figure 6.19. Output dc power of the five-phase system with non-adjacent open-circuit

phase failures. The dc link capacitor is 470 pF.

Table 6.5 summarises the simulation results with a non-adjacent open-circuit failure. In
the case of a non-adjacent failure the efficiency is increased by approximately 2%
compared to the adjacent phase failure. The non-adjacent phase failure is a less extreme

operating condition compared to the adjacent phase failure mode.
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Table 6.5. Simulation results for the five-phase system with a pair of non-adjacent open-

circuit phase failures

Ac side Average Peak-peak
ripple
Shaft torque (Nm) 3.9 192%
Shaft Power (W) 566 192%
Dec side Average
Dc voltage (V) 66.9 68%
Dc power (W) 475 119%
Losses
Total losses(W) 91.6
Efficiency 83.8%

iii- Generator rms phase current

The rms phase currents in the five-phase generator are increased in phase-b and -d and
decreased in phase-e as shown in figure 6.20. Table 6.6 shows the percentage change in
the rms phase currents for the five-phase system relative to the normal rms current. The
rms current in phase-b and -d are not equal due to the presence of the dc capacitor in the
rectifier circuit. The dc link capacitor alters the conduction period of the rectifier circuit.
The total generator copper loss is a factor of 1.2 of the rated copper loss. The generator
may sustain this mode of operation but there will be two phases operating at

significantly higher temperature than under normal operating conditions.
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Figure 6.20. Phase currents for the five-phase system with phase-a and -¢ open-circuit.

Table 6.6. The percentage increase and decrease of rms phase current relative to the

normal condition in the five-phase system when phase-a and -c are open-

circuit.
Percentage change Peak value (A)
in rms
Phase-b 78.8% 15.2
Phase-d 69% 15.2
Phase-e -45% -

It is observed from the simulation results that when a single phase open-circuit failure
occurs, the five-phase system captures more power from the prime mover compared to
the three-phase system, with lower peak-to-peak voltage ripple. Also the total copper
loss is less in the five-phase generator compared to the three-phase generator despite
imbalance in the phase currents. When two adjacent phases are open-circuit in the five-
phase system the system still captures more power than the three-phase system with a
single phase open-circuit failure. The generator peak-to-peak torque ripple and output
dc voltage ripple are higher in the five-phase system with single phase open-circuit
failure compared to the normal condition. The non-adjacent phase failure mode results
in a less extreme condition compared to an adjacent phase failure in terms of torque

ripple and output dc voltage and power ripple. In both cases the total copper losses are
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less than rated copper losses in the generator, though it is expected that sustained
operation in these modes would result in higher insulation temperature in two of the

three remaining phases.

6.3 FEA simulation and experimental tests on the five- and three-phase systems

under open-circuit phase failures

FEA simulation is used in this section with the practical design with mounting holes.
The generators designed in Chapter 4 and 5 are operated with one and two phase open-
circuit failures to evaluate and compare the performance of five- and three-phase PM
generators. The results from FEA are validated by comparing with the results from the
experimental test. The speed is fixed at 1400rpm for all tests the dc link capacitor is

470uF for the five-phase system and 2200uF for the three-phase system.

The results differ from the simulations in section 6.2 due to back emf distortion. The
distortion in the back emf is caused by back iron saturation due to the mounting holes in
the stator lamination. The distorted back emf has a significant impact on the operation
of both the three- and five-phase system. Nonetheless the practical results provide
evidence of the advantages of the five-phase system compared to the three-phase system

under open-circuit failure conditions.

6.3.1 Single open-circuit phase failure

This test is carried out for both the five- and three-phase systems. During the test phase-
a is open-circuit. The experimental generator torque and power and FEA results for the
five-and three-phase systems are shown in figures 6.21 and 6.22 respectively. The
experimental results are estimated using the phase currents and the phase back emf.
There is a slight difference between the results from FEA and the results from

experimental primarily due to the estimation process using the experimental test results.
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Figure 6.21. Five-phase generator with phase-a open-circuit showing (a) estimated shaft

torque, and (b) generator shaft power at 1400rpm.
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Figure 6.22. Three-phase generator with phase-a open-circuit showing (a) estimated

shaft torque, and (b) generator shaft power at 1400rpm.

It can be seen from the estimated torque waveform that the five-phase system has a
lower peak-to-peak torque ripple (8.2Nm) than the three-phase system, (10Nm). The
average torque is 4.5Nm for the five-phase system and 3.8Nm for the three-phase

system. The audible vibration noise from the three- phase system is significantly higher

than five-phase system.
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Figures 6.23 and 6.24 show the output dc voltage and load power results from
experimental test and FEA for the five-and three-phase systems respectively. From
these figures, it is clear that the average dc voltage and load power values for the five-
phase system (68.4V, 540W) are higher than the three-phase system (60.5V, 429W).
The figures show that the peak-to-peak ripple in the three-phase system is less than the
five-phase system as predicted by simulation. This is a result of the dc capacitor value,
which in the three-phase system is 2200uF and in the five-phase system 470uF. The

figures show the correlation between the experimental results and FEA results.
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Figure 6.23. (a) Measured dc output voltage and (b) load power with phase-a open-

circuit in the five-phase system at 1400rpm.
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Figure 6.24. (a) Measured dc output voltage and (b) load power with phase-a open-

circuit in the three-phase system at 1400rpm.
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The experimental results are summarised in Table 6.7. The efficiency of the five-phase
system is 4.7% higher than the three-phase system. It is clear from the results that the
five-phase system has better performance than the three-phase system under single

phase open-circuit failure in terms of shaft torque ripple and power ripple (7°0 less).

Table 6.7 Experimental results for the three-and five-phase systems with a single open-

circuit phase failure.

Three-phase Five-phase
Generator side Average Peak-peak Average Peak-peak
ripple ripple
Shaft torque (Nm) 3.8 263% 4.5 183%
Shaft Power (W) 550 263% 660 183%
Load side Average Average
Dc voltage (V) 60.5 24% 68.4 53.9%
Dc power (w) 429 54% 540 100%
Losses
Total losses(w) 121 120
Efficiency 78% 81.8%

The rms phase currents in the five-phase generator are shown in figure 6.25(a). The rms
current is increased in phase-b and -d and decreased in phase-e and -c. The waveform of
the rms currents in the three-phase generator is shown in figure 6.25(b) and has the
same rms value (9.7A). Table 6.8 shows the percentage change in the rms phase
currents for the five- and three-phase generators relative to the normal rms current.

Figure 6.25 waveforms agree with the simulation waveforms with only slight

differences in the phase rms currents values in Table 6.8.
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open-circuit.

Table 6.8. Percentage change in rms phase current values relative to the normal

conditions in the five- and three-phase systems when phase-a is open-

circuit
Three-phase Five-phase
Percentage Peak value Percentage Peak value

change (A) change (A)
Phase-b 51% 17.4 64% 13.2
Phase-c 51% 17.4 -16% 7.6
Phase-d 29% 13
Phase-e -1% 10.1

6.3.2 Adjacent open-circuit phase failures

This test is carried-out with phase-a and-b open-circuit in the five-phase system. The
vibration and noise is higher than that from the single phase failure. Figure 6.26 shows
the generator estimated torque and power compared with FEA results when phase-a
and -b are open-circuit. Figure 6.26 clearly shows the period where the shaft torque and

power fall to zero. The peak-to-peak ripple in figure 6.26(a), 7.9Nm, generates noise

and vibration.
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Figure 6.26. Five-phase (a) estimated shaft torque and (b) shaft power with phase-a and-
b open- circuit at 1400rpm.

The output dc voltage and load power are shown in figure 6.27. The FEA results show

good agreement with the experimental results in term of average value and waveform

shape.
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Figure 6.27. Five-phase (a) measured dc output voltage and (b) load power with phase-a

and -b open-circuit at 1400rpm.

Experimental results are summarised in Table 6.9. The results show that the total losses
are less than when only one phase is open-circuit. Also the system efficiency decreases

by approximately 4% compared to the single open-circuit failure mode which agrees

with the simulation results.
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Table 6.9. The experimental results for the five-phase system with adjacent open-circuit

phase failures

Ac side Average hya sy
ripple %
Shaft torque (Nm) 3.2 246%
Shaft Power (W) 475 246%
Dc side Average
Dc voltage (V) 554 88%
Dc power (W) 3733 164%
Losses
Total losses(W) 101.7
Efficiency 78.6%

The waveform of the phase current when phase-a and -b are open-circuit is shown in
figure 6.28. Phase-c and -e rms current are increased compared to the normal condition
and decreased in phase-d. Table 6.10 shows the percentage change in the rms phase
currents for the five-phase system relative to the normal conditions. The total copper
loss generated by the imbalanced phase currents is 77W which is 12% higher than the
rated copper loss and leads to an increase in the machine temperature. The waveform

agrees with the simulation results.
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Phase current (A)

Rotor angle (Electrical degrees)

Figure 6.28. Phase currents for the five-phase system with phase-a and -b open-circuit.
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Table 6.10. The percentage increase and decrease of rms phase currents relative to the

normal condition, and peak phase current, in the five-phase system when

phase-a and -b are open-circuit

Percentage change Peak value (A)
Phase-c 73% 13
Phase-e 67% 13
Phase-d -60% 5.4

6.3.3 Non-adjacent open-circuit phase failures

Phase-a and -c are open-circuit in this experiment. During the test a higher peak-to-peak
torque ripple occurs and the generator displays noticeably higher levels of vibration.
There is more noise generated by the test rig. Figures 6.29 and 6.30 show the
experimental and FEA results of the generator torque and power, and rectifier output dc

voltage and load power respectively.
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Figure 6.29. Five-phase (a) estimated shaft torque and (b) shaft power with phase-a

and -c open-circuit at 1400rpm.
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Figure 6.30. Five-phase (a) measured dc output voltage and (b) load power with phase-a

and -c open-circuit at 1400rpm.

Experimental results for the five-phase system with two non-adjacent open-circuit
failures are summarised in Table 6.11. The results show that the resultant efficiency is

higher than that when single phase open-circuit, which agrees with the simulation

results.

Table 6.11 The experimental results for the five-phase system with non-adjacent open-

circuit phase failures.

B Peak-peak
Ac side ripple %
Shaft torque (Nm) 4.1 238%
Shaft Power (W) 595 238%
De side Average
Dc voltage (V) 62.1 83%
Dc power (W) 470 154%
Losses
Total losses(W) 125
Efficiency 79%
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Figure 6.31 shows the rms phase currents waveform in the five-phase generator when
phase-a and -c are open-circuit. The rms currents are increased in phase-b and -d and
decreased in phase-e which agrees with the simulation results. The percentage change in
the rms phase currents relative to the normal rms current is shown in Table 6.12. The
total generator copper loss is a factor of 1.3 of the rated copper loss. Phase-b and -d will

operate at significantly higher temperatures than under normal conditions.
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Figure 6.31. Phase currents for the five-phase system with phase-a and -b open-circuit.

Table 6.12. The percentage increase and decrease of rms phase currents relative to the

normal condition in the five-phase system when phase-a and-c are open-

circuit.
Percentage change Peak value (A)
Phase-b 91% 8.6 14.4
Phase-d 62% 7.3 14.4
Phase-e -18% 3.7 94

Table 6.13 illustrates the comparison between the five- and three-phase system under

normal failure conditions.
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Table 6.13. Comparison between experimental results for the five- and three-phase system under normal and failure conditions.

lEfﬁciency

Three-phase system Five-phase system
Normal Single-phase Normal Single-phase | Adjacent phase | Non-adjacent
condition failure condition failure failures phase failures
peak- peak- peak- peak- peak- peak-
Ac side Average peak Average peak Average peak Average peak Average peak Average peak
ripple ripple ripple ripple ripple ripple
Shaft tarque 49 | 31% | 38 | 263% | 47 | 18% | 45 | 183% | 32 | 246% | 41 | 238%
(Nm)
Shaft Power (W) 719 31% 550 263% 692 18% 660 183% 475 246% 595 238%
Dc side Average Average Average Average Average Average
73 3% 60.5 24% 72 1.4% 684 | 53.9% | 554 88% 62.1 83%
Dc voltage (V) )
Dc power (W) 606 6% 429 54% 595 29% | 540 100% | 373.3 164% 470 154%
Losses
113 121 o7 120 101.7 125
Total losses(w)
84% 78% 86% 81.8% 78.6% 79%

k-
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6.4 Summary

In this chapter, the operation of the five-phase and three-phase permanent magnet
generator feeding a diode bridge rectifier under single open-circuit phase failures is
assessed and discussed. Also the operation of five-phase system with adjacent and non-

adjacent open-circuit phase failures is presented.

With a single phase open-circuit failure, the five-phase system has a higher output dc
voltage and load power compared to the three-phase system, 7.4% higher. The peak-to-
peak torque ripple in the permanent magnet generator for the five-phase is
approximately 183% and in the three-phase system is 263%. The five-phase system
efficiency is 6% higher than the three-phase system. It is clear from the results that five-
phase system has advantages over three-phase system with a single open-circuit phase

failure in terms of generator torque ripple, output power, and efficiency:.

The five-phase system has adjacent and non-adjacent open-circuit failure modes. With
two adjacent phase failures the system has an efficiency of 82.1% and with non-adjacent
phase failure the efficiency is 83.8%. In both cases the efficiency is higher than with the
three-phase single-phase failure. It observed that non-adjacent failure produces a less
extreme operating condition compared to adjacent phase failures particularly in terms of
torque ripple and voltage ripple. Under both adjacent and non-adjacent phase failures,

the five-phase system still outputs more power than the three-phase system with one

failure.

In the three-phase system with an open-circuit phase failure, the remaining two phase
currents have the same rms value but the rms value is increased compared to the normal
condition. In the five-phase system the rms phase currents are not the same in all phases
at failure. Some phases have higher rms value than rated and other phases have a lower
rms value. With a single open-circuit phase failure the total copper loss in the three-
phase generator is 49% higher than the rated copper loss. In the five-phase generator the
copper loss increases by only 14% compared to the normal operating conditions. In the
five-phase generator with two open-circuit phase failures the total copper loss is higher

than the rated copper loss. With adjacent phase failure the loss is 12% higher than rated
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loss and with non-adjacent phase failure the total loss is 30% higher than rated loss. The

generator may sustain this mode of operation but this will lead to increase the generator

temperature if it operates for a long period.

Experimental data for the five- and three-phase permanent magnet generators is used to
verify simulation results. There is a slight difference in waveforms due to the back emf
distortion in the practical design due to iron saturation around the stator mounting holes.
But the results confirm that five-phase system has improved performance under open-

circuit failure compared to the three-phase system, these being reduced torque ripple

and improved output power.
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Chapter 7

Analysis of the dc link capacitor current

7.1 Introduction

In this chapter the rms current of the dc link capacitor in the five- and three-phase PM

generator systems is investigated using the simulation model. FEA and experimental

tests.

Analysis of the dc link capacitor current is presented in section 7.2 and the capacitor

rms ripple current and capacitor core temperature are discussed in section 7.3.

Simulation is performed when all phases of the permanent magnet generator are
functioning properly (the normal condition), and when single. adjacent and non-adjacent
open-circuit failures occur. Simulation results for the five- and three-phase system for
both normal cases and failure conditions are discussed in section 7.4. In section 7.5 the
capacitor current for the five- and three-phase system is assessed using FEA where the

FEA is performed on the practical design.

Experiments under normal and failure conditions are performed for the three- and five-
phase systems. The results are presented in section 7.6. These verify the simulation and
FEA results. The key outcomes are that under normal operation the five-phase system
has advantage of a lower capacitance requirement compared to the three-phase system
with the same absolute capacitor core temperature. However, during failure the power
delivered from the five-phase system is greater and this imposes a more extreme
operating condition on the dc link capacitor. Care must be exercised when specifying

the dc link capacitor in a five-phase system that may be expected to operate with one or

more phase failures.
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7.2 Dc link capacitor current

The capacitor is used to smooth the output voltage thereby generating near constant
voltage. The capacitor is connected in parallel with the resistive load as shown in figure

7.1. The diode rectifier current, Iz, equals the sum of the load current, /;. and capacitor

current, /..

Idc:]c+lL (71)
The capacitor current is
dvy,
[, =C—=-c@ 2
. =C—= (7.2)

where C is the capacitance and V. o, is the dc link voltage. The equivalent series
resistance of the capacitor is ignored for simplicity. The capacitor current has a
frequency equal to six times the source frequency in the three-phase system and ten
times the source frequency in the five-phase system under steady-state operation with

no fault conditions.

RI
Rectifier output cC =/ §

O

Figure 7.1 The output section showing the load current, /;, capacitor current, /. and dc

output current, /.

7.3 Dc link capacitor rms ripple current and core temperature

Ripple current is a key factor for capacitor lifetime. The lifetime of the capacitor

depends on temperature of the capacitor core and periods operation at high core
temperatures lead to thermal stress that can have a significant impact on accumulated

lifetime. The ripple current in the capacitor is the primary source of heat generation in
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the core which increases the capacitor core temperature. The capacitor power (or rate of

heat generated in the capacitor) is [7.1]

P_=I’_R (7.3)

cap c-rms=" pop

where .., 1s the rms value (ripple current) of the capacitor current, and Rgsg is the

equivalent series resistance of the capacitor.

For a given capacitor, Rgsp depends on the frequency and core temperature of the
capacitor. Characteristic curves are often provided by the manufacturer. The core

temperature should not exceed the maximum temperature given by the manufacturer.

The core temperature of the capacitor can be calculated using [7.2]

T.=T +T, (7.4)

where T, is ambient temperature (assumed here to be 45°C worst-case ) and 7T, is the
core temperature rise. 7, is estimated

]:'=RhaXP' (75)

cap

where Ry, is the thermal resistance.

The thermal resistance, Ruq, depends on the capacitor dimensions and the airflow around
the capacitor as shown in Table D7 Appendix D. In this thesis the airflow is assumed to
be 2ms-'. The dimensions of the 200V 470pF, capacitor used in the five-phase system

are $36x52mm and for the three-phase system (2200uF, 200V) are ¢51 x82mm. From
Table D7 the thermal resistance is 8.29°C/W for the five-phase capacitor and 4.7°C/W

for the three-phase capacitor. The capacitor type used in this research is the BHC

ALS30 Series.
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As the Rgsg decreases with ripple frequency, the ripple current capability of an
electrolytic capacitor increases with ripple frequency. For example. rated rms ripple
current for the 470uF capacitor at 100Hz is 2.6A but increases to 4.3A at 10 kHz. Most
manufacturers give the rms ripple current for particular frequency. For other frequencies

a formula is often provided to correct the rms current ripple [7.3]. For the ALS30 series

this formula is

; =J Fx A x B o
rms _cap IOOX(Bz—A2)+(F)<A2) (/.

where F'is the required frequency, and A and B are the maximum 100Hz ripple current
and 10kHz ripple currents respectively and are provided by the manufacturer. The
frequency compensation is only made for normal conditions where the fundamental
frequency of the current is greater than 100Hz. With failure conditions the fundamental
frequency of the capacitor current is 93Hz which is close to 100Hz. Hence frequency

compensator for Rgsg is only carried out for normal conditions.

7.4 Simulation analysis of dc link capacitor current

The five- and three-phase systems simulated in chapters 4 and 5 are used to investigate
the dc link capacitor requirements for the five- and three-phase systems. The simulation
is performed for the normal condition, where all phases function, and the failure

conditions with a single phase open-circuit, with an adjacent and with a non-adjacent

open-circuit failure.

7.4.1 Dc link capacitor current under normal conditions current

Table 7.2 and 7.3 show the simulation results for different values of dc link capacitor. It
is clear from the tables that with the same capacitance the five-phase system has a lower
rms capacitor current compared to the three-phase system. The capacitor values 470uF

and 2200pF produce similar values of output dc voltage ripple for the five- and three-

phase systems respectively. These were the chosen for the cxperimental work in this



thesis. The rms capacitor current for the five-phase system is then a factor of 5 lower
than the three-phase system. It is observed that the rms capacitor current decreases as
the capacitance increases. This is due to relationship between the capacitor current and
output dc voltage (7.2). For example, with a small capacitor value the output dc voltage
has higher ripple hence the derivative of this voltage has a higher value and the
capacitor current, which equals the derivative dc voltage multiplied by the value of
capacitor, will be higher. In the five-phase system the capacitance used is lower than the
three-phase system, even so the capacitor rms current still lower than that experienced

in the three-phase system. This is one advantage of the five-phase system over the three-

phase system under normal conditions.

Table 7.1. Simulation results for the five-phase system with different values of dc link

capacitor. The average output dc voltage is 78.1V.

Capacitor, uF Peak-to-peak RMS Capacitor
output ripple, (V) Current, A
220 1 0.23
470 0.6 0.22
680 0.3 0.21
1000 0.2 0.2
2200 0.12 0.2

Table 7.2. Simulation results for the three-phase system with different values of dc link

capacitor. The average output dc voltage is 78.0V.

Capacitor, uF Peak-to-peak RMS Capacitor
output dc ripple, (V) Current, A
220 12.3 1.68
470 44 1.32
680 2.8 1.22
1000 1.8 1.2
2200 0.7 1.1
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Figure 7.2 and 7.3 show the dc link capacitor current for the five- and three-phase
systems respectively. The capacitors in this simulation are the capacitors that give the

same output dc voltage ripple for both systems, 2200pF for the three-phase and 470uF

for the five-phase system.
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Figure 7.2. Dc link capacitor current from MATLAB simulation for the five-phase
system. The dc link capacitor is 470uF.
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Figure 7.3. Dc link capacitor current from MATLAB simulation for the three-phase
system. The dc link capacitor is 2200uF.

From the ALS30 datasheet for the 200V series of capacitors, the rms current ripple for
the five-phase system with a 470uF capacitor operated at 466.7Hz (ten times the
generator frequency) is 3.9A and for the three-phase system with 2200uF at 280Hz (six
times the generator frequency) it is 9.1A. The actual rms capacitor current ripple for the
five-phase system is only 6% of the rated rms ripple current. For the three-phase system

it is 12% of rated rms current. Even though the 470uF capacitor has a higher Rgsg
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(286mQ) compared to the 2200uF capacitor (73mQ), the five-phase capacitor dissipates
13.8mW internally compared to 88.3mW in the three-phase capacitor. The capacitor
core temperature rise in the five-phase system, 0.11°C, is less than the three-phase
system, 0.4°C, (Appendix D). Both temperature rises are small. It is clear that the five-
phase system has a lower capacitance requirement compared to the three-phase svstem

for the same output ripple and will operate at a lower core temperature.

7.4.2 Dc link capacitor current with a single phase open-circuit failure

In this simulation, phase-a is disconnected for both the five- and three-phase systems.
The output dc voltage for both systems has higher peak-to-peak ripple as discussed in
Chapter 6. Higher output dc voltage ripple will generate higher rms current ripple in the
dc link capacitor. Figures 7.4 and 7.5 show the dc link capacitor current waveform for
the five- and three-phase systems respectively. The fundamental frequency is twice the
generator electrical frequency (93.3Hz) for both systems. The three-phase system
capacitor has a peak current (11.5A) equal to 1.6 of the peak value in the five-phase
system (7A). The rms current in the five-phase capacitor (3.4A) is lower than the rms
current in the three-phase system capacitor (7.0 A). However. in the five-phase system
the rms ripple current with a single phase failure has a value which is 110% of the rated
rms ripple current of the capacitor. In the three-phase system, the ripple current is 83%
of the rated ripple current of the capacitor. As a consequence of the increase in the rms
currents in both cases, the capacitor core temperature is increased (Tables D1 and D2,
Appendix D). In the five- and three-phase phase systems the capacitor core temperature
rise is 27.4°C and 17 °C respectively giving an absolute core temperature of 72.4°C for
the five-phase capacitor and 62°C for the three-phase capacitor. As the temperature is
below 85°C (maximum operating temperature is 105°C) [7.3] both capacitors are still
within specification in the five- and three-phase system, but the lifetime of the three-

phase capacitor would be expected to be longer than the five-phase system.
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Figure 7.4. Dc link capacitor current from MATLAB simulation for the five-phase

system with a single phase open-circuit failure. The dc link capacitor is

470uF.
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Figure 7.5. Dc link capacitor current from MATLAB simulation for the three-phase

system with a single phase open-circuit failure. The dc link capacitor is

2200pF.

7.4.3 Dc link capacitor current with adjacent open-circuit phase failures

In this case, two adjacent phases, phase-a and -b, are open-circuit in the five-phase
system. The capacitor rms current ripple, as expected, is found to be higher than the
case of a single phase failure (Section 6.2). Figure 7.6 shows the capacitor current

waveform under this condition. The rms current ripple is 4.9A which is a factor of 1.6
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higher than rated rms ripple current. The estimated temperature rise of the capacitor
core is 55.5°C which would increase the capacitor absolute core temperature to 100.3°C
(Table D1). This is a high value and close to the maximum operating temperature of the

capacitor, 105°C. Capacitor lifetime would be greatly reduced.

Decreasing the capacitor value reduces the capacitor rms current ripple. For example. by
reducing the capacitor from 470uF to 330uF the capacitor rms current reduces to 3.-4:\.
The drawback is that the output dc voltage ripple will increase during normal operation.
With the 470uF capacitor, it is possible to increase the load resistance to reduce the rms
current in capacitor to rated value. It is found that the load must increase by factor of 3
in order to do this. This will decrease the power captured from the generator by a factor
of 3. These simulations show that the five-phase system under adjacent open-circuit
failure must either shutdown or control the load in order to avoid damaging the dc link
capacitor through excessive rms current. This assumes that the prime mover speed
remains the same. In reality, the failure reduces the output power and the turbine blade
system would accelerate to a speed where the power from the blade system matched that
delivered to the load. In the further work section the system response to a phase failure

is identified as an area of future research.
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Figure 7.6. Dc link capacitor current with adjacent open-circuit phase failures. The dc

link capacitor is 470uF.
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7.4.4 Dc link capacitor current with non-adjacent open-circuit phase failures

In this case a pair of non-adjacent phases ( phase-a and phase-c) are open circuit. The dc
ripple voltage is 45.5V, which is less than that with an adjacent open-circuit phase
failure, therefore the capacitor rms current ripple is expected to be lower compared to

the rms current with adjacent failures.

Figure 7.7 shows the capacitor current waveform. It is observed from the figure that the
capacitor current has a fundamental frequency equal to twice the generator electrical
frequency. The capacitor has an rms current ripple equal to 4.3A which is 142% of the
rated ripple current value. In the case of non-adjacent phase open-circuit failure the
capacitor core temperature rise is 43.8°C giving an absolute core temperature of 88.5°C
(Table D1). This is near to the rated temperature, 85°C, and the expected drawback is a
reduction the lifetime of the capacitor. The rated rms ripple can be achieved by
increasing the resistive load by 150%. However, reducing the load also reduces the

generator shaft power, in this case to 40% of the rated power.
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Figure 7.7. Dc link capacitor current with non-adjacent open-circuit failure phase. The

dc link capacitor is 470pF.

The simulation results are summarised in Table 7.3 where the capacitor ripple current is
also expressed relative to the rating of the capacitor. It is clear from the results that the
capacitor in the three-phase system can tolerate a single phase open-circuit failure. In
the five-phase system the core temperature calculations suggest that with a single phase
failure the absolute core temperature would be tolerable. The increase in rms current in

the capacitor is mainly due to the fact that the five-phase system can export more power
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than the faulted three-phase system. With two adjacent phases failures the five-phase
system will be at risk if the system works for a significant time. With two non-adjacent
phase failures the capacitor will operate just above the continuous core temperature
limit. This would lead to reduced lifetime of the capacitor. In all cases decreasing the
load (by increasing the load resistance) leads to a reduction in the capacitor rms current
and could be used to satisfy the generator rated current. Ultimately, in the five-phase
system, the capacitance could be increased to solve this problem. In the next section

simulation results are validated using FEA and the experimental system.

Table 7.3. Simulation results for the dc link capacitor current in the three-and five-phase

systems
Three-phase Five-phase
Capacitor ripple current Capacitor ripple current
rms ripple | relative to rms ripple relative to
current (A) rated rms current(A) rated rms
Normal condition 1.1 0.12 0.22 0.1
Single phase open-circuit 7.0 0.85 3.4 1.1
Two adjacent open circuit - - 4.9 1.6
Two non-adjacent open circuit - - 43 1.4

7.5 FEA analysis of dc link capacitor

FEA analysis is used to analyse the current in the dc link capacitor of the three- and
five-phase systems. FEA is applied to the practical design (with mounting holes). The
FEA results are expected to be slightly different from the simulation model results due

to the distortion in the phase back emf (Chapter 5). The capacitor current is discussed

for both normal and failure conditions.



7.5.1 Dc link capacitor current under normal conditions

In this case, all phases function properly. The mounting holes have a significant effect
on the output dc voltage of the five-phase system compared to the three-phase svstem
(Section 5.4). Due to the distortion in the dc output voltage the capacitor current in the
five-phase system is different compared to the simulation results. Figure 7.8 and 7.9
show the dc link capacitor current waveform for the five- and three-phase systems
respectively. The current in the dc link capacitor in the five-phase system has a
fundamental frequency equal to two times the generator electrical frequency instead of
ten times. However, the important issue in this chapter is the value of the capacitor rms
current ripple. In the three-phase system the capacitor current has a fundamental
frequency equal to six times the generator electrical frequency which agrees with the
simulation results. The five-phase system’s capacitor current has an rms value of 0.44A
which is 0.11 of the rated value (3.9A at 467Hz). In the three-phase system, the
capacitor current is 1A which is also 0.11 of the capacitor rated ripple current (9.1A at
280Hz). This confirms that when both systems have no failures the capacitor operates
within design limits and the five-phase system has the advantage of requiring a lower

capacitance compared to the three-phase system.
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Figure 7.8. FEA simulation of the dc link capacitor current for the five-phase system

using the proposed design. The dc link capacitor is 470uF.
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Figure 7.9. FEA simulation of the dc link capacitor current for the three-phase system

using the proposed design. The dc link capacitor is 2200uF.

7.5.2 Dc link capacitor current with a single phase open-circuit failure

Figures 7.10 and 7.11 show the capacitor current when phase-a is open-circuit for both
the five- and three-phase systems. The fundamental frequency for both systems is the
same and equal to 93.3Hz. The capacitor rms current ripple in the five-phase system is
equal to 3.3A which is 106% of the rated rms ripple current of the capacitor. It 1s
estimated that this current will raise the capacitor core temperature 25.8°C increasing
the capacitor’s absolute core temperature to 70.8°C which is less than rated temperature
(85°C). In the three-phase system the capacitor rms current ripple, 5.8A. is 71% of the
rated rms current ripple and the capacitor core temperature rise is estimated at 11.5°C
giving an absolute core temperature of 56.5°C. It is clear from the results that the
capacitor in the three-phase system has less power dissipation than the capacitor in the
five-phase system. These results agree with the results from simulation. However. the
five-phase system still captures more power from the wind turbine’s blade system and

delivers more dc output power.
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Figure 7.10. FEA simulation of the dc link capacitor current for the five-phase system,

with a single phase open-circuit failure. The dc link capacitor is 470pF.
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Figure 7.11. FEA simulation of the dc link capacitor current for the three-phase system.

with a single phase open-circuit failure. The dc link capacitor is 2200pF.

7.5.3 Dc link capacitor current with adjacent open-circuit phase failures

In this test phase-a and -b are open open-circuit and the generator speed is 1400rpm.
The dc link capacitor is 470uF. Figure 7.12 shows the dc link capacitor current
waveform. The fundamental frequency is 93.3Hz which is the same as the simulation
result. The dc link capacitor has rms current ripple of 4.8A which is significantly higher
than the capacitor rated rms current (3.1A). Under these circumstances, the core
temperature rise is estimated at 54°C and increases the absolute core temperature to

99°C. This will reduce lifetime. In this case, it is recommended to shutdown the system

or control the load as discussed in section 7.4.3.
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Figure 7.12. FEA simulation of the dc link capacitor current with adjacent open-circuit

phase failures. The dc link capacitor is 470puF.

7.5.4 Dc link Capacitor current with non-adjacent open-circuit phase failures

Figure 7.13 shows the dc link capacitor waveform when non-adjacent phases are open-
circuit (in this case phase-a and-c). The speed and dc link capacitor are the same as the
normal condition (1400rpm and 470uF). The dc link capacitor rms current ripple (4.3A)
agrees with the simulation results. Due to the increase in ripple current the capacitor
power dissipation is increased and the capacitor core temperature rise is estimated to be
41°C giving an absolute core temperature of 86°C which is just above the rated
operating temperature. The system would operate continuously but the lifetime would
be expected to be reduced. The situation is not as severe as the adjacent phase failure

condition.
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Figure 7.13. FEA simulation of the dc link capacitor current with non-adjacent open-

circuit phase failures. The dc link capacitor is 470uF.

7.5.5 Summary of FEA simulation

Table 7.4 summarises the FEA results. It is observed from the results that in the normal
condition the dc link capacitor for the two systems works without excessive stress. With
a single phase failure, the three-phase capacitor operates without exceeding rated rms
current. However, the five-phase capacitor has an rms ripple current that is
approximately 106% of the rated current. However, the capacitor core temperature is
estimated to be lower than the rated temperature. For adjacent and non-adjacent failures
in the five-phase system the rms current is significantly higher than the capacitor rated
current. It is clear that in terms of capacitor rms current, the three-phase system operates
within manufacturer’s ratings. However, this is not the case for the five-phase system
with the lower value of capacitance under single phase open circuit and two phase open
circuit failures. The results from FEA confirm the results from the simulation. It the
load was controlled when failure occurs. the capacitor in the five-phase system could

operate within design specification and the system can capture and deliver more power

compared to the three-phase system.
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Table 7.4. FEA simulation of the dc link capacitor current for the three- and five-phase

systems
Three-phase Five-phase
Capacitor ripple current Capacitor ripple current
rms ripple | Relativeto | rms ripple I Relative to
current (A) rated rms current | rated rms
Normal condition 1 0.11 0.44 | 0.11
Single phase open-circuit 5.8 0.7 3.3 | 1.1
Two adjacent open circuit - - 4.8 1.5
Two non-adjacent open circuit - - 4.2 | 1.4

7.6 Experimental evaluation

To assess the simulation and FEA results, a set of experimental tests are carried out
using the fabricated generator. The generator speed is set to 1400rpm for both systems

at full load (10Q) with 470uF dc link capacitor for the five-phase system and 2200pF
for the three-phase system.

7.6.1 Dc link capacitor rms current under normal conditions.

Figures 7.14 and 7.15 show the dc link capacitor current waveforms for the five- and
three-phase systems respectively. From figure 7.14 the dc link capacitor current in the
five-phase system has an rms current ripple of 0.5A which is 0.16 of the capacitor rated
ripple current, 3.1A. The dc link capacitor current in the three-phase system (0.9A) 1s
0.1 of the rated rms ripple current (8.4A). The results correlate with that from the

simulation and FEA.
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Figure 7.14. Measured dc link capacitor current for the five-phase system. The dc link
capacitor is 470uF.
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Figure 7.15. Measured dc link capacitor current for the three-phase system. The dc link
capacitor is 2200pF.

7.6.2 Dc link capacitor current with a single phase open-circuit failure

This test is carried out for both five- and three-phase systems with phase-a open-circuit.
Figures 7.16 and 7.17 show the waveforms of the dc link capacitor current for the five-
and three-phase systems respectively. The capacitor rms current ripple in the five-phase
system is 3.1A which equals the rated rms ripple current of the capacitor. The rms

capacitor current in the five-phase system will raise the capacitor core temperature by
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22.8°C (Table D5) and with an ambient temperature 45°C the absolute core temperature
is 67.8°C which is less than capacitor rated temperature (85°C). The three-phase
capacitor is works safely with an rms current ripple (5.7A) which is lower than the rated
current of the capacitor (8.2A). The capacitor core temperature rise in the three-phase
system is 11.5°C giving an absolute core temperature of 56.5°C which is less than the
five-phase system. This leads to an increase the capacitor lifetime in the three-phase

system compared to the five-phase system. The results from the five- and three- phase

system correlate well with simulation and FEA results.
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Figure 7.16. Measured dc link capacitor current for the five-phase system with a single

phase open-circuit failure. The dc link capacitor is 470uF
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Figure 7.17. Measured dc link capacitor current for the three-phase system with a single
phase open-circuit failure. The dc link capacitor is 2200pF.
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7.6.3 Dc link capacitor current with adjacent open-circuit phase failures

Adjacent phases, phase-a and-b, are open-circuit in this test. The capacitor rms current
is expected to be more than the capacitor rated current as shown by FEA. The shaft
speed in this test is 1400rpm and the capacitor is 470uF. Figure 7.18 shows the
capacitor current waveform which agrees with FEA, Figure 7.12. The capacitor has an
rms current ripple equal to 4.3A. This value is high enough to raise the capacitor core
temperature by estimated 43.8°C giving an absolute core temperature of 88.8°C (Table
D5) and as a consequence the lifetime of the capacitor is reduced. With adjacent phase
open-circuit failures it is recommended to either increase the capacitor value (extra cost)

or control the maximum load power to a value that satisfies the maximum capacitor rms

current.
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Figure 7.18. Measured dc link capacitor current for five-phase system with adjacent
open-circuit phase failures. The dc link capacitor is 470pF.

7.6.4 Dc link capacitor current with non-adjacent open-circuit phase failures

Figure 7.19 shows the waveform of the dc link capacitor current in the five-phase
system when two non-adjacent phases are open circuit (phase-a and-c). The capacitor
rms current (3.9A) is a factor of 1.25 of the capacitor’s rated rms current. This

generates 4.4W of losses in the capacitor which will raise the core capacitor temperature
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by estimated 36°C giving an absolute core temperature of 81°C. This temperature is less
than rated capacitor temperature (85°C). The impact on lifetime is not as great as
adjacent phase open-circuit failures but is worse than that for normal conditions or a
single phase failure. However, the results from both experimental and FEA show the

condition is less extreme than the adjacent phase failure conditions. The impact on

capacitor lifetime is not as serious.
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Figure 7.19. Measured dc link capacitor current with non-adjacent open-circuit phase

failures. The dc link capacitor is 470uF

7.6.5 Summary of experimental results

Table 7.5 summarises the experimental results. Many remarks can be made from the
results:

e The capacitance in the five-phase system is only 0.21 of the three-phase system.
Under normal conditions the dc link capacitor for the two systems has the same core
temperature.

e With a single phase failure, the capacitor core temperature in the five-phase system
s estimated to increase by 22.8°C to 67.8°C which is less than capacitor rated

temperature but higher than the absolute core temperature estimated in the three-

phase system, 56°C.
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e With two adjacent phase failures, the capacitor absolute core temperature, 88.8°C,

is higher than rated temperature, 85°C, but less than maximum temperature 105°C.

The capacitor will function but with reduced lifetime.

e With two non-adjacent failures, the capacitor absolute core temperature rises to

81°C which is less than rated temperature and also less than that with adjacent phase

failure. The capacitor is expected to be able function continuously.

o The FEA simulation is validated by experimental values.

Table 7.5. Summary of measured dc link capacitor current for the three- and five-phase

systems

Three-phase

Five-phase

Capacitor ripple current

Capacitor ripple current

rms ripple | relative to rms ripple relative to

current (A) | rated rms current (A) rated rms
Normal condition 0.9 0.1 0.5 0.16
Single phase open-circuit 5.7 0.7 3.1 1
Two adjacent open circuit - - 4.3 1.4
Two non-adjacent open circuit - - 3.9 1.3

7.7 Summary

In this chapter, the rms current in the dc link capacitor is discussed for the five-phase

and three-phase permanent magnet generator connected to a diode bridge rectifier. The

current is evaluated using simulation, FEA and practical tests. The performance is

presented for normal and failure modes.

Under normal conditions the rms current in the five- and three-phase system is much

smaller compared to the capacitor rated current (factor of 0.13 and 0.1 for the five- and

three-phase system respectively). However, the capacitance in the five-phase system is
much less than the three-phase system. It is estimated that the capacitor’s absolute core
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temperature for both systems have similar values (45.6°C and 45.3°C for the five- and
three-phase system respectively).

With a single phase open-circuit failure, the capacitor in the five-phase system is
estimated to have a higher core temperature compared to the capacitor in the three-

phase system. In both systems the capacitor core temperature does not exceed the

capacitor’s rated temperature.

With adjacent and non-adjacent phase failure in the five-phase system the rated rms
current of the capacitor is exceeded. With adjacent phase failures, the increase in rms
current causes the estimated to raise the capacitor core temperature above its rated value
leading to a reduction in the lifetime of the capacitor. In the case of non-adjacent failure

the core temperature is estimated to be lower than the rated temperature.

Experimental tests are carried out to verify the FEA. The results show a good
correlation between the FEA and experimental tests in terms of rms values and

waveforms.

The key outcome is that whilst a five-phase system has superior tolerance to open-
circuit phase failures, the increased power that can be delivered during failure imposes a
more extreme operating condition for the dc link capacitor. Care must therefore be
exercised when specifying dc link capacitor in five-phase systems that may be expected
to operate with one or more phase failures. Specifically, this may require an increase in

the link capacitance or the selection of a capacitor with a higher rated ripple current.
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Chapter 8

Conclusions

8.1 General conclusion

A three-phase permanent magnet generator connected to a diode bridge rectifier is a
popular solution for small wind turbines. The generator shaft torque in the three-phase
system displays a high peak-to-peak torque ripple when a dc link capacitor is used and
requires mitigating techniques to reduce this ripple. A five-phase permanent magnet
generator operated with a diode bridge rectifier is shown to have reduced shaft torque
ripple and output dc voltage ripple. Multi-phase generators connected to diode bridge
rectifiers have not been the subject of research to ascertain the advantages of multi-
phase technology and disadvantages. This research investigates, discusses and compares
the performance of a three- and five-phase permanent magnet generator connected to a
diode bridge rectifier under normal and failure conditions. The five-phase system shows
improved performance compared to the three-phase system under normal conditions and
under open-circuit phase failures in terms of generator shaft torque and power delivered
to the load. However, the increased power that can be delivered during failure imposes a

more extreme operating condition on the dc link capacitor in the five-phase system.

A simulation model using pulse functions for the five- and three-phase PM generator
connected to a diode bridge rectifier is developed in chapter 3. The effect of self- and
mutual inductance of the generator is discussed. It is shown that the self- and mutual-
inductance have a significant effect on the simulated performance of both systems by
reducing the generator shaft torque ripple. In the five-phase system, including the self-
inductance reduces the generator shaft torque ripple by approximately 4 times compared
to without inductance. In the three-phase system the reduction is 2.7 times. With self-
and mutual inductance modelled, the reduction in shaft torque ripple in the five-phase
system is approximately 12 times compared to without inductance. In the three-phase

the reduction is only 3.4 times. Therefore the research demonstrates the importance of
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including both the self- and mutual inductance during the simulation and analysis of
torque ripple.

In chapter 4, the three-phase and five-phase permanent magnet generators are designed.
Linear design is performed using the PM magnetisation curve and simple analytical
methods. Winding configurations for both generators are proposed to give the same
rectified output dc voltage and power. Finite element analysis (FEA) is used to confirm
the linear design. Two designs are analysed using FEA; the proposed design (without
mounting holes in the stator stack) and the practical design (with the mounting holes in

the stator stack). The cogging torque and back emf is assessed using FEA.

In chapter 5, the performance of the prototype five-phase and three-phase permanent
magnet generators connected to diode bridge rectifiers are evaluated using FEA and
practical tests. Two designs (the proposed design and the practical design) are modelled
using FEA to evaluate performance of the proposed design. The proposed design shows
that the five-phase generator has lower shaft peak-to-peak torque ripple (0.7Nm)
compared to the three-phase generator (1.6Nm). In addition, the five-phase system has
output dc voltage ripple 16% lower than the three-phase system. It was shown that the
five-phase system can use a lower value of capacitance for the same output voltage
ripple. In this case, 470uF compared to 2200puF for the three-phase system. Also it is
found that the five-phase system requires diodes with lower current ratings compared to
the three-phase system (45% lower). The experimental tests are performed using the
practical design. Due to the distorted phase back EMF in the five-phase system, the
comparison of the practical design do not compare well with the FEA or simulation
results of the proposed design. Hence comparison is made over a restricted period of the
electrical cycle where the non-adjacent line voltages are not affected in the five-phase
system. This shows that the five-phase system has better performance in terms of shaft
torque ripple (0.9Nm) compared to the three-phase system (1.5Nm) for the same output
dc voltage and power. The results show that the three-phase system has a total losses
(113W) higher than the five-phase system (97W) under normal conditions.
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In chapter 6, the operation of the five-phase and the three-phase permanent magnet
generator feeding a diode bridge rectifier under open-circuit phase failures in the
generator is assessed and discussed. Also, the operation of five-phase system with
adjacent and non-adjacent open-circuit phase failures is investigated. The results show
that the five-phase system has advantages over three-phase system with a single open-
circuit phase failure in terms of generator torque ripple and efficiency. The non-adjacent
failure mode produces less extreme operating condition compared to adjacent phase
failure mode, particularly in terms of torque ripple and voltage ripple. However, with
non-adjacent phase failure the total losses (125W) are higher than the total losses with
adjacent phase failure (101.7W). It is also shown that in both modes. the efficiency is
higher than with the three-phase single phase failure and the power output is higher.

In chapter 7, the rms current in the dc link capacitor is investigated for the five-phase
and three-phase permanent magnet generator connected to a diode bridge rectifier. The
current is evaluated using simulation, FEA and practical tests. The performance is
presented for normal and failure modes. It is shown that whilst a five-phase system has
improved output power during an open-circuit phase failure, the increased power that
can be delivered during a failure imposes a more extreme operating condition for the dc¢
link capacitor particularly the adjacent open-circuit failure mode. This imposes a design
constraint on the dc link capacitor. The rms ripple current rating of the capacitor now
determines the capacitance rather than the dc voltage ripple if operation during open-

circuit failures is a requirement of the system.

The five-phase system can be used in small- and medium-scale wind turbines, aerospace

applications including unmanned autonomous vehicles, Ground-based vehicles and

Micro-CHP applications.

8.2 Main contributions of this thesis

The scientific contribution of this thesis can be summarised as follows:
o A general model for the five-phase permanent magnet with diode rectifier is

developed. The developed model includes the generator parameters specifically the
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self- and mutual-inductance. The developed models are compared with PSpice
simulation and show good correlation. The developed model helps describe how the
generator performs with a diode bridge rectifier and also shows the importance of
modelling generator inductance and the significant effect that mutual inductance has
on the performance of the five-phase system.

e The design of a prototype five-phase permanent magnet generator is detailed. The
stator is designed with 30 slots such that it can be wound as a three-phase generator
or five-phase generator. The rotor has 4 poles for both systems. The winding in both
generators is arranged to give the same output dc voltage providing a platform for a
fair comparison between the two systems.

e A comparison is provided between the performance of the prototype five- and three-
phase permanent magnet generators feeding diode bridge rectifiers with the same dc
output power, voltage and volume. The comparison is performed for shaft torque
and power and output dc voltage and output power. In addition, a comparison of
rms current of the dc link capacitor is made.

e The performance of five-phase permanent magnet generator systems under open-
circuit failure (one and two phase failures) is assessed and compared with the three-
phase counterpart.

e An assessment of the rms current requirements of the dc link capacitor is made
under normal conditions and with single, adjacent and non-adjacent open-circuit
phase failures. This is carried out for both three- and five-phase counterparts and a

comparison made.

8.3 Further research

The comparison between the three- and five-phase systems is demonstrated for fixed
speed and load. But the operation of the generator with an aerodynamic prime-mover
and variable speed input requires more investigation, particularly under open-circuit
phase failures. Under open-circuit phase failures the reduction in output power from the
generator will lead to an increase in the shaft speed as a result of the wind turbine power
curve characteristics. Research is required into how the system reacts and what stresses

may occur in the system, particularly electrical stresses in the generator and rectifier.
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Further, if some form of maximum power point tracker is being used, the system reacts
as the tracker attempts to recover the maximum power point (which is determined by
the aecrodynamic efficiency). The performance of the three- and five-phase system may

be significantly different in this respect and requires further investigation.

Other further research includes the performance of the three- and five-phase systems
when one or two diodes fail open-circuit. Under such circumstances the performance
during such failures will be different to that experienced during phase open-circuit

failures. Similar analysis to that in this thesis is required.

It would also be useful to make practical torque measurements on the system to
determine true values of shaft torque rather than the estimated values provided in this

thesis.

In this thesis the performance of the five-phase permanent magnet generator is
investigated under steady-state conditions. However, one key aspect would to study the
system under transient operation during the failure. A transient model may need to be
developed, including the electromechanical system (permanent magnet generator and
diode rectifier) and the aerodynamic system. Also it is important to study the impact

that a transient aerodynamic system has on the performance of the electrical system
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Appendix A
Al. Possible circuite for 3- and S-phase system

The circuits represents the twelve perieds that generate by the twelve pulses shown in

figure 3.15. S1 to S12 represent the twelve pulses.
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The circuits represents the twenty periods that generate by the twenty

figure 3.20. S1 to S20 represent the twelve pulses.
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A2. Matrices representing 3- and S-phase systems

Differential equations representing the twelve periods shown in figure 3.13 for the

three-phase system include the output voltage equation.
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Differential equations representing the twenty periods shown in figure 3.20 for the five-

phase system include the output voltage equation.
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Appendix B

B1. Possible slot/Pole combinations for 3- and S- phase machines

Table B.1 Possible Slot/Pole combinations for 3-phase PM machines
Slots [3]16] 9 |12]15]|18|21(24]27]30]33[36[39]|42]45]48

Poles[2]2] 2] 22T 2T 2T2T2T2T212T2]2[2712
alafalalalalalalalalalalals]a]4

6| 8l10]6[8]8]6[8]8][6]8]8]6]s8

8 [10 8 [14[10] 8 [10]10] 8 [10[10] 8 ] 10

12]18 12[16]16]10[20] 14110 14 14] 10] 14

14 20112122120 12]16[16]12]16
16 18126]122]114]26]26]14] 20
20 26116 28] 28] 16|32
22 2812213213220 34

24 24| 34]34]28] 38
26 30| 40

28 32

30 34

32 38

40

Table B.2 Possible Slot/Pole combinations for 5-phase PM machines
Slots | 5| 10| 15]20]25[30{35{40]45

Poles|2| 222|222 2]2
41414141441 4]4]|4
6le6|l6|l6|]6|]6]6]6
8112181 8| 88| 8] 8

121101212} 12]12
14]116[18]14]14] 14
16118]22]22]16f 16
20124(24)124| 18
22126[26]26| 28
28 [ 28| 32
32134
34136




B2. Carter’s coefficient

Carter’s coefficient is an approximation factor to determine the air gap permeance in the

presence of slotting. The permeance can be written as
Po=p,A4/g, (B.1)
where g. is an effective air gap length given by g, = K g, where K, is Carter's

coefficient which is described by

- -1

Kolt-Wp N Bpplpe P (B.2)

where w; slot width 7 is stator slot pitch, /,, is the machine effective length. g, is recoil
permeability of the magnet and g is air gap length. In the prototype machine, using the

slot dimensions in chapter 4 giving K= 1.2



B3. Winding configuration

1. Five phase winding configuration showing the distribution of the phase coils in the

stator slots.
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2. Three phase winding configuration showing the distribution of the phase coils in the

stator slots.
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Appendix C
Permanent magnet motor performance

Permanent magnet motor performance produced by LEMAC Company is shown below

% LEMAC TEST NOMBER:

bop
DX
DC MOTOR PERFORMANCE TEST
] |Date: [22/02/2008 |
. |Strathclyde University | Tested By: [R.HADDEN
|5 Phase Rig =

1
1.00 2298 9.40 338.4 240.6 71.1
3.00 1903 27.00 972.0 597.8 61.5
4.50 1622 37.50 1350.0 764.2 56.6
6.00 1434 54.00 1944.0 901.1 46.4
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Appendix D

Capacitor core temperature calculation

Application notes from BHC Components are used to calculate the capacitor core

temperature. The steps to calculate the capacitor temperature are detailed below.

[1] The power loss is calculated using

P_=I"_ R (D1)
where I.,ns is the rms value(ripple current) of the capacitor current and Rgsg is the

equivalent series resistance of the capacitor

For the five-phase system the capacitor is 470uF and for the three-phase system it is
2200uF. From the data sheet the Rgsg equals 0.286Q for the 470uF capacitor and
0.073Q for the 2200uF capacitor at frequencies 100Hz.

[2] The capacitor thermal resistance (Ry,) is founded by using Table D7 with airflow
rate of 2m/s. This gives 8.29°C/W and 4.7°C/W for the 470uF and 2200uF capacitors

respectively.
[3] The core temperature rise is calculated using

T, = Ry, x Fyp (D2)
[4] The core temperature is calculated using
I =T +1, (D3)
where T, is ambient temperature in this case is assumed to be 45°C (maximum working

room temperature)



Calculation

The calculations of the capacitor core temperature for the 470pF and 2200uF capacitors

are shown in Tables D1 to D6 for the five- and three- phase system for the normal

condition and failure condition. Tables Dland D2 show the estimated from the

simulation results, Tables D3 and D4 show the estimated from FEA results and Tables

D5 and D6 show the estimated from the experimental results. The capacitors are chosen

from BHC Component’s ALS30 series with rated dc voltage of 200V. The ambient

temperature is chosen to be 45°C. The value of the equivalent series resistance, Resg, 1s

given by the manufacturer specifications and the power loss is calculated using (7.3).

Table D1. Estimated five-phase dc link capacitor core temperature from the simulation

results.
Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.22 34 49 4.3
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Resr () 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.014 3.3 6.7 5.2
Core temperature rise (°C) 0.11 274 55.5 43.8
Core temperature (°C) 45.1 724 100.5 88.8

Table D2. Estimated three-phase dc link capacitor core temperature from the simulation

results.
Three-phase
Normal case Single phase failure

Capacitor rms current (A) 1.1 7
Ambient temperature (°C) 45°C 45°C

Resz (©) 0.073 0.073
Capacitor thermal resistance (°C/W) 4.7 4.7

Power loss (W) 0.08 3.6

Core temperature rise (°C) 04 17

Core temperature (°C) 454 62
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Table D3. Estimated five-phase dc link capacitor core temperature using FEA results.

Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.4 33 4.8 42
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Resr () 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.05 3.1 6.6 5.0
Core temperature rise (°C) 0.4 25.8 54 4]
Core temperature (°C) 45.4 70.8 99 86

Table D4. Estimated three-phase dc link capacitor core temperature using FEA results.

Three-phase
Normal case Single phase failure
Capacitor rms current (A) 1 5.8
Ambient temperature (°C) 45°C 45°C
Resz (Q) 0.073 0.073
Capacitor thermal resistance ("C/W) 4.7 4.7
Power loss (W) 0.07 2.5
Core temperature rise (°C) 0.3 11.5
Core temperature (°C) 453 56.5
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Table D5. Estimated five-phase dc link capacitor core temperature using experimental.

Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.5 3.1 43 39
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Rgsg (2) 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.07 2.7 52 44
Core temperature rise (°C) 45.6 22.8 43.8 36
Core temperature (°C) 45.6 67.8 88.8 81

Table D6. Estimated three-phase dc link capacitor core temperature using experimental.

Three-phase
Normal case Single phase failure
Capacitor rms current (A) 0.9 5.7
Ambient temperature (°C) 45°C 45°C
Resz (Q) 0.073 0.073
Capacitor thermal resistance (°C/W) 47 4.7
Power loss (W) 0.06 24
Core temperature rise (°C) 0.3 11
Core temperature (°C) 453 56
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Table D7. Thermal resistance value for ALS series, from BHC product.

| Thermal resistance values for ALS (screw terminal) products, no heat sink.

|Dia [Len Thermal resistance values Rha °C/W

mm mm <ims [1.0mis 1.5mis [20m/s |25 m/s [3.0 /s [3.5 Vs [4.0 m/s [4.5 mss [SO nvs
% |49 112 991 923 868 827 (79 [768 175 [739 T m
36 |52 107|047 882 (829 [790 1760 1735 717 706 1701
% 62 [0.57 [8.47 [789 [742 706 6.79 657 641 632 627
3% |75 853 [7.55 [703  |661 630 |6.06 1586 572 563 [559
36 |82 842 [7.19 669 [629 [599 577 |556 |544 536 [532
36 105 [7.00 1627 584 549 523 508 [4.87 1475 1468 (464
% 115 [6.77 1509 558 [525 500 |4.81 [4.65 454 447 443
51 B2 |7.56 660 623|586 [558 537 [5.19 [5.07 499 1495
51 75 6.5 |5.75 |536 504 |480 |4.62 |447 |436 |429 426
51 82 1606 [5.36 |499 470 447 |a.30 [4.16 |4.06 400 [3.97
51 105|500 1450 419 394 1376 1361 350 1341 336 (333
51 116|479 1424 395 371 354 340 320 321 316 [3.14
51 140 |83 381 1354 [333 347 |3.05 |295 |288 284 |282
66 |67 |52 _ [460 428 [403 [384 360 357 [3.48 [343 |341
66 75 [4.75 (420 391 368 351 337 [3.26 3.8 [3.44 3.1
66 82 a4 [3.80 363 1341 325 342 [3.02 295 290 |288
6 o8 [3.84 340 [3.16 298 283 [2.73 |2.64 1257 253 |25
66 105  [3.64 [3.22 300 282 269 258 [2.50 [2.44 240 [2.38
66 115 |34 |3.01 280 264 251 241|238 228|224 223
66 140 |3 266 247 233 221 213 206 _[201 198 [1.07
73 115 297 263  [245 1230 219 241204 _|1.99 196 |1.95
77 67 |43 381 354 [333 [317 [306 295 288 [284 [282
77 75 304 349 325 |305 [291 [2.860 [2.71 264|260 [2.58
77 82 |3.66  |3.23 301 283 [260 [2.60 [251 [2.45 [241  [2.39
88 316 280 260 |245 [233 [2.24 217 [2.42  [2.09 _ [2.07
77 1053 266 247 233 21 1213 1206 1201 [198 1197
7 15 1276 1247 1230|216 206 198 |12 [1.87 184 183
7 140 238 1241 196 1184 176 1.6 |1.64 159 [1.57 [1.56
77 146 220 1203 180 177 169 |1.63 [1.67 [1.53 [151 |1.50
7 180 119 168 157 1147 140 [1.35 [1.31 _[1.27 (125 |24
7220 |14 1124 1145 (100 [1.03 (099 [0.96 (004 (092 (002
91 67 |35 310 [288 271 __[256  [240 [240 [2.35 231 |29
91 75 132 1283 |264 248 236 227|220 _[2.14__[2.11 _ [2.10
o1 96 1255 226 240 198 [188 [1.81 _ [1.75 171|168 [167
91 1461185 164 152 A3 137 [131 127 [1.2a [122 [121
91 @ 155 137 128 [120 [114 110|106 [1.04 [102 [102
91 >0 112 1086 09 (093 [089 _J0.85_ J0.82 [0.80 079 [0.79
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Appendix E

Overall experimental system layout

Figure E1. Picture of the experiment showing (A) the dc motor (B) the three-phase
prototype generator (C) the diode bridge rectifier, and (D) the stator of the

five-phase prototype generator.
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