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ABSTRACT

In today’s technological world, electrical energy is one of the most important
forms of energy and is needed directly or indirectly in almost every field. Increase in
the demand and consumption of electrical energy leads to increase in the system fault
levels. It is not possible to change the rating of the equipment and devices in the
system or circuits to accommodate the increasing fault currents. The devices in
electronic and electrical circuits are sensitive to disturbance and any disturbance or
fault may damage the device permanently so that it must be replaced. The cost of
equipment like circuit breakers and transformers in power grids is very expensive.
Moreover, replacing damaged equipment is a time and labour consuming process,
which also affects the reliability of power systems. It is not possible to completely
eliminate the faults but it is possible to limit the current during fault in order to save
the equipment and devices in the circuits or systems. One solution to this problem is
to use a current limiting device in the system. There are many different types of
approaches used for limiting fault currents

Two different approaches to limit fault currents have been discussed by the author.
One is Passive Magnetic Current Limiter (MCL) and another is High Temperature
Superconductor Fault Current Limiter (HTSFCL). Both are passive devices and they
do not need any sensor or external sources to perform their current limiting action.
The first device consists of two ferrite cores and a permanent magnet which is
sandwiched between the two saturated cores and it is called Magnetic Current Limiter.
Experimental results with the MCL in circuit are discussed. Both field and thermal
models of the MCL have been simulated using finite element software, FEMLAB.

The demonstration of the High Temperature Superconductor Fault Current Limiter
(HTSFCL) in power systems has been explained. The MATLAB simulation of the
HTSFCL has been done and the results with and without the fault are shown. Power
System Analysis Toolbox (PSAT) software has been used to locate the optimum or
the best location of HTSFCL in a nine bus system. It has been shown that it is
possible to find a solution that limits the fault current in power systems. Depending on
the size of the system, either the MCL or the HTSFCL can be implemented. The
location of the HTSFCL is to be carefully selected to achieve optimum results.



ACKNOWLEDGEMENTS

I am deeply indebted to my supervisor, Associate Professor Dr. Subhas
Mukhopadhyay, for his constant support. Without his help, this work would not be
possible. I thank him for supervising my research work continuously and providing
me with valuable advice and expert guidance, and above all for his technical, financial
and emotional support.

I would like to thank the Institute of Information Sciences and Technology
(IIST) of Massey University for providing me the technical support to pursue my
studies.

I sincerely thank Senior Lecturer Dr. Ramesh Rayadu as part of my research
work presented in this thesis was done in close consultation with him. I would like to
thank him for his valuable advice in technical matters and for his numerous fruitful
suggestions.

I would also like to thank the L.T. support staff especially Tim O’Dea for
providing me the software like Matlab, Comsol etc. needed in my study.

I would like to thank my best friend Shanaka De Silva. Those long nights at the
computer in I.P Lab cannot be forgotten. Special thanks to my sister Karandeep Kaur,
for her outstanding advice throughout the year. | then wish to acknowledge Adam
Stone and Kathleen Lennie for proof reading of my thesis

I cannot end without thanking my parents, on whose constant encouragement and
love | have relied throughout my time at the University. Thank you for all the

sacrifices you have made to give me a better chance in life.


http://sunsite.dcc.uchile.cl/irbook/acks.html

CONTENTS

ABSTRACT
ACKNOWLEDGMENTS
CONTENTS

LIST OF FIGURES
LIST OF TABLES

CHAPTER 1 Introduction

00 1 1 0 To 104 £ T o 1 P
1.2 Consequences Of the Fault......... ..o e
1.3 Why Current Limiters are reqUIred..........oeveeeeesveriiiieieiieieeee e e
1.4, LITErature SUMVEY ... ... et et et et e e e e te et e e e e e ee e e
1.5 The different Current Limiter approaches.............covviiiiiiiiiiiiici e,
1.6 Superconductor based JeVICES. .. ....c.uve et e e

1.6.1 Superconductive shunt with a resistive bypass element...................

1.6.2 Superconductor FCL with an inductive by pass element..................

1.6.3 Transformer coupled superconductor FCL............ccoviiiiiiiiiiineanns
1.7 Resonant CirCUIt LIMITer. .. ....o. v e s e e e e e e e e
1.8 Using Fuse as a Fault Current LImiter..........coooiiiiiiiiiiiie e e e e,
1.9 Switched devices for limiting fault current................ooo
1.10 Ways of dealing with Fault Current...........o.oieiiiii i
1.11. The Purpose of the ReSearch............ccoooiiii i e
1.12 Organization of the thesiS..........ccvve i e

CHAPTER 2 Operating Principle of Magnetic Current Limiter

P20 R | 100 [0 Tod o] o 1A PR
2.2 Operating Principle of Magnetic Current Limiter..................coocoiiiiiiin,
2.3 B-H Characteristics Of MCL.........ouiiii i e
2.4 Operation of MCL inthe AC MOE.........oeiriii i e,
2.5 DC operation OFf MCL... ... e e e e e e e e e e
2.6 DeSIgN CoNSIAEratioNS. .. ....vu ittt ee e e e e e e e e e e e eae e

2.6.1 Saturated INAUCTANCE, L. . vivin i i e e e e e e

viii

xii



2.6.2 Unsaturated INAUCTANCE, Ly.....vveiiiiviiiiiiiiiic ettt 35
2.7 Fabricated Models of Magnetic Current Limiter.............ccooooviii i 36
2.8 Experimental Setup and Results............cooooi i 37
pZ8 e B O] o 11 T o PP ¥

Chapter 3 Field and Thermal Model of Magnetic Current Limiter
1 201 A 0110 [ od 1 o] o Y A0
3.2 Model Formulation inthe FEMLAB..........co it e 43

3.3 Normal mesh of Magnetic Current Limiter..................ccoeeeiviie e e ennnn .46

3.4 Field Distribution inthe MCL.........ccouiiiii i e e 47
3.5 Thermal modelling of the Magnetic Current Limiter...............cooviieiieinnnnn. 51

3.5.1 Thermal modelling at different current levels using FEMLAB............... 51
3.6 Transient Thermal Model....... ..o e e, 58

3.7 CONCIUSIONS . . e e e e e e e e e e .58

Chapter 4 High Temperature Superconductor Fault Current Limiter

Operating Principle and Results
o A T 11 Tox o] R PPN o1 0
4.2 High Temperature Superconductor Fault Current Limiters (HTSFCL)............61

4.2.1 Operating Principle of the HTSFCL..........coiiiiiiii e, 62
4.3 Modelling of the High Temperature Superconductor Fault Current Limiter...... 63
4.3.1 MATLAB SIMUlation.........covviii i e e e 20,03
4.3.2 Design of HTSFCL element............ooo i e, 64

4.4 Results and ANalysSiS. ......ovveii it a2, 00
4.4.1 Normal Operation..........coveuueeiie et e e iee e e re e e eeneeeneeen .00
4.4.2 Operationduring Fault..............ooooiiiiii el 08

A5 CONCIUSIONS . .. e et e e e e e e e e e 80

Chapter 5 PSAT Based Analysis and Design
o T0 1 10T [0 Tod 1 o] o 1O - 24

5.2 Modelling and Design of the 9 Bus System iN PSAT ........ccooiiiiiiiiiiii e, 83
5.2.1 Modelling and design procedures of the 9 Bus network........................ 84
5.3 Results after running Power Flow on the network................cooooiiiiiiinnnnns 88

vi



B CONCIUSIONS . . .

Chapter 6 Results and Analysis

91

T8 A g1 oo 0 od o] PP
6.2 Results during normal OpPeration...........c..cc.uveii i e, 93
6.2.1 Real Poweratthe Bus1,2and 3..........cccoviiiiiiini i 93
6.2.2 Reactive Power atthe Bus 1,2, and 3.......cccoviiiiiiiiiin i e, 94
6.2.3 Real Power Flow in the Transmission lines...............ccccoevev il 95
6.2.4 Reactive Power Flow in the Transmission liN€s.............ccovevveiievninnnns 96
6.2.5 Voltage magnitude at the BUSES..........ovvviiieiie e e e 97
6.3 Results during fault inthe System...........c.coiiiiiiiii e, 98
6.3.1 Real Power at Bus 1,2 and 3.......ccoiiiiiiiiii e e 98
6.3.2 Reactive Power at Bus 1,2 and 3.........coooeiiiiiiiiiiieiii e eieeennn2.99
6.3.3 Real Power Flow in the Transmission liNes.............ccooovvviiiininienn 100
6.3.4 Reactive Power Flow in the Transmission liNeS..............coevvvnivinenn. 101
6.3.5 Voltage magnitude at the BUSES..........oceiiiieiii i 102
6.4 Optimal location of the Fault Current Limiter.....................ccceevveeenn..... 103
6.4.1 Nine Bus system with Dummy line.............coov i e, 105
6.4.2 Nine Bus system with faultat Bus 9...............ccoiiiiiiiii i, 107
6.4.3 Nine Bus System with faultat Bus 4............ccooiiiiiiiiiiii s 110
6.5 CONCIUSIONS... ...ttt e e e e e e e e e e nenneneene e 12
Chapter 7 Conclusions and future work
70 R o o 11157 T 1 I '
T2 FULUIE WOTK. .. oottt e e e e e e e e e e e e e 115
REFEIENCES. ... e e e e, 116
APPEND X L. 120

Vi



1.1
1.2
13
1.4
1.5

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
211

2.12
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24

2.25
2.26

LIST OF FIGURES

Superconductor Fault Current Limiter, Resistive Shunt type....................... 9
Superconductor FCL with inductive bypass element......................cc.ees. 10
Transformer coupled Superconductor FCL...............ccooviiiie e v el 10
Resonant Circuit LIMIter..... ..o e e 11
FUSE DASEA FCL ... e e e e e e e e e 12
The Basic structure and configuration of MCL...........cccccoov i 18
Magnetisation curve showing the saturated region..............cccocvvieinann e, 19
The B-H characteristics of the permanent magnet and Ferrite core............... 20
Characteristic of core used in positive half of current......................oocol . 21
Characteristic of core used in negative half of current.............................. 21
The combined ideal B-H characteristicof MCL...............ccociiieennl .22
Permanent Magnet’s circuit and it’s characteristics in the MCL................. 26
Equivalent circuit of Ferrite coreinthe MCL...........ccovvi i, 28
Characteristic of the ferrite core inthe MCL............ccooiiii i, 28
DC CIrcUit OF the MCL....ouie e e e 32
Idealized @ac VErsus loc CharaCteristiC............veveevunieeieeiiiieeeeeaa e, 33
Desire Voltage and Current Characteristics of the MCL..........................34
Series fabricated model. ... ..o 36
Series based steel core fabricated model...............ccooi i 37
Three phase power electronic system with MCL.....................ce el 37
Single Phase Power electronic circuit with MCL...............ccooeiii i, 38
Three Phase Power Electronic Circuit with MCL..............ccoiiiiiiiiiiniis 38
Current Waveforms with and without MCL....................coceeevevneenn .39
Current and voltage waveforms under shorted diode..............................39
Current Waveforms during Shorted diode output condition..................... 40

Current and voltage waveform in the u-phase of 3-phase MCL

under NOrMal OPErAtION. ... ..o et e e e e 40
Results during three phase fault condition..................ccooiiiiiiiii i, 41
Current and voltage waveforms for S-L-G fault condition........................ 41

viii



3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

3.10

3.11

3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25

4.1
4.2
4.3
4.4
4.5

Model Navigator of FEMLAB sOftware...........cooviiiiiiii e 44
2-D Geometry of the Magnetic Current Limiter.............oooeiieiiiiiineinn, 44
Window for boundary setting of the field model...................................45
Window for sub domain setting of the thermal model............................. 46
WiINAOW FOr CONSEANTS. .. .. e e et e e e e e e e 46

Normal Mesh Size OF the MCL ... ... ue e e e e e e e e e

Window for Mesh Parameters. .. ... e e e e e e e e

Flux distribution of MCL with no current in windings..............c.ccceeevvenne.

Flux distribution of MCL with low current corresponding

to positive half cycle of Current...... ..o 48
Model of MCL with large current corresponding

to positive half cycle of current......... ... 49
Model of MCL with low current corresponding

to negative half cycle of current............cooiii i e 49
MCL with high negative current during fault......................coooe i, 50
MCL Model in FEMLAB at 5A.......ovii it e e e 51
Thermal model of MCL @t 10A... ... i e 52
MCL at current 20 A ..o e e e D2
MCL at CUITENT B0A . .. e e e e e e e 53
MCL AL AOA ... ittt e e e e e e e 54
MCL AL BOA ...ttt e et e e e e e 54
MCL At B0 A ... ot e e e e e 94
ML At 70 A e e e e e 55
MCL @t BOA ... oottt et e et e e e e et e e e e 55
MCL AL Q0 A ...ttt e et e e et e e 55
ML @t LO0A . et e e e e e e e e 56

Change in temperature with respect to current...............cooveiiiiiiiiiennvennns

Transient Response OF MCL.......c.ovriii i e e

SUPEICONAUCTON WITE. .. . e ettt e e e e e e e e e e e e e e e e e
Superconductor Cable based on today’s technology.............cccoveeieinnn.
Variation of Resistivity with Temperature of Bi-2223 & YBCO................
T-B-J characteristics of superconductor materials......................oooueee .
Electrical Circuit With HTSFCL.......co oo

.61
.61

.62
.64



4.6
4.7
4.8
4.9
4.10
411
412
4.13
4.14

4.15

4.16

4.17

4.18

4.19
4.20

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

The design of the HTSFCL ... e 64

High Temperature SUPerconductor............c.coviveineiiiieiiieiievenieeneen. .05
Current Waveform during normal operation.............ccoeoveiieiiiinenveniennns. 67
TemPErature VS, TIMe. .. ..ttt e e e e et e e eeeae e 67
Circuit under fault conditions.............cciiiiiiiiic ... 08
Current waveform during fault................cooei i eeeeent .68
Variation in resistance With time...........cooveii i e 69
Change in temperature of the HTSFCL.........ccoooiiiiiii e, 70
(a) Fault Current (b) Temperature corresponding to different length

of the superconductor at thickness of 0.002m (k=0.8)...........cccoviiiiennnn 72
(a) Fault Current (b) Temperature corresponding to different lengths

and at thickness of 0.009m of the superconductor. (k=0.8)..................... 74
(a) Fault Current (b) Temperature corresponding to different lengths

and at thickness of 0.002m of the superconductor (k=0.7)............c..cee.... 77
(@) Fault Current (b) Temperature corresponding to different lengths

and at thickness of 0.009m of the superconductor (k=0.7).............ccee.nts 78
(a) Fault Current (b) Temperature corresponding to different lengths

and at thickness of 0.002m of the superconductor (k=0.9)...................... 80
Variation of the temperature with thickness (max.0.0003m)..................... 80
Variation of the temperature with thickness (max.0.0009m)..................... 81

Power System Analysis TOoIboX WINAOW...........cvviiiiiiii i, 82

Shows the 9 Bus and 3 machine network designed for simulation............. 83

Main Simulink Library WindoW...........ccoiiiii i e e 84

Connections window in Simulink Library.............ccccoiiiiiii i i, 85

Window for parameters of the Bus block..............ocoooiii 85

Simulink Library Power flow data window................cccooiiiiiiiin e, 86

Block parameter windows of (a) PV generator (b) Transmission Line.........86

(a) Electrical machine (b) Fault & Breaker windows of Simulink library.....87

Simulink Library: Control Window............cccoveiiiiii i e 87
Load Data Window Of PSAT ...t e e e e 88
Nine Bus network with Power flow results..............cocoiiiiiiiiinn s, 89
Static report of the power flow results..................cocoiiiii e .89
Voltage magnitudes at the Buses in the Network................c.oooiiiinnan. 90



5.14

6.1
6.2
6.3
6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19
6.20

Angles (rad) at Buses in the Network...........c.oovviiiiiiinii i,

Window for selecting plot variables..............cocoiiiiiiii
Real Power (a) At Bus 1, (b) At Bus2, (C) AtBUS3........c.cooiiiiiieienne,
Reactive Powers (a) at Bus 1, (b) at Bus2, () at Bus 3.............ccovvvvnienn.
Real Power flow (a) from Bus 9 to 6, (b) from Bus 7 to 8,

(c) fromBus4to5, (d) fromBuS 710 5.....c.cviiii i

Reactive Power flow (a) from Bus 9 to 6, (b) from Bus 7 to 8,
(c) fromBus4to5, (d) fromBuUS 710 5.
Voltage magnitudes (a) at Bus 1, (b) at Bus 2, (c) at Bus 5,

(0 I L =TT

Real Power, during fault on Bus 7 (a) at Bus 1, (b) at Bus 2,
(o) =R =0 S PPN ©
Reactive Power, during fault on Bus7 (a) at Bus 1, (b) at Bus2,

.92

93

94

(C) AL BUSS. ..ttt e e e et e e e e e 100

Real Power flow, during fault on Bus 7 (a) from Bus 9 to 6,

(b) from Bus 7 t0 8, (c) from Bus 4 to 5, (d) fromBus 7t05................... 101
Reactive Power flow during fault on Bus 7 (a) from Bus 9 to 6,

(b) from Bus 7 to 8, (c) from Bus 4to 5, (d) from Bus 7t05................... 102
Voltage magnitudes, during fault on Bus7 (a) at Bus 1,

(b)atBus 2, (c)at Bus 7, (d) at BUS 8........ccveivi i, 103
Current at different Buses during fault at Bus 7............ccooeviiiinannnn. 104
Nine Bus System with Dummy line at Bus 7............cooooiiiiiiin e, 105
Fault Currents reduced at different Buses with Faultat Bus 7.................. 106
Nine Bus Network with Faultat Bus 9................cc oo vnieenenn.0 107
Fault Current during fault at BuS 9.........c.ouviiiiiii e 108
Fault Currents reduced at different Buses with Faultat Bus 9.................. 109
Nine Bus Network with Faultat Bus4..............ccoo i ieneen. 20110
Fault Current during fault at BuS 4..........ccoooiiii e 111
Fault Currents reduced at different Buses with Faultat Bus 4.................. 111

Xi



LIST OF TABLES

1.1 Ways of dealing with Fault Current...............coo i i e 13,14
3.1 Variation of Magnetic flux density (T) with current (A)..........coooviiiiiininn 51
3.2 Variation of temperature (K) with current..............coooiiiiii i e 57

4.1 Fault Current & Temperature corresponding to different
Length of Superconductor at k= 0.8, thickness = .002m
and Specific heat capacity= 6.35e+5(kJ kg™ K™).....oooviiiiiiiiiiiiiieeen, 71
4.2 Fault Current & Temperature corresponding to different
Length of Superconductor at k =0.8, thickness of .009m
and specific heat capacity= 6.35e+5(kJ kg™ K™) ...oovvvviiiiiiiiiee e, 73
4.3 Fault Current & Temperature corresponding to different
Length of Superconductor at k =0.7, thickness of .002m
and specific heat capacity= 6.35e+5(kJ kg™  K™)....ooviiiiiiiiiieeiiieeeeenn 16
4.4 Fault Current & Temperature corresponding to different
Length of Superconductor at k =0.7, thickness of .009m
and specific heat capacity= 6.35e+5 (kJ KgG™ K™)....uviiiiiiiieie e 77
4.5 Fault Current & Temperature corresponding to different
Length of Superconductor at k=0.9, thickness = 0.002m
and specific heat capacity = 6.35e+5 (KJ kg™ K™)...ooiiiiiiieiieiiieeiel 79

xii



