Simulation on I-V Feature of Protection System for
Superconducting Cable

by

LaoManl

Master of Science in Electrical and Electronics Engineering

Faculty of Science and Technology
University of Macau



TABLE OF CONTENTS

TABLE OF CONTENTS. ..ottt esesssre s e s sessasssssssesesssssestssssssasessesssssssanes I
LIST OF FIGURES ..ottt st seseststsseesesaaststescemsssa st des s snsatssesessensasen \Y%
LIST OF TABLES.......ootoeetiinenisiiinnsenissatssssermasssssssmsenssersssaissssssissasssssssssssssosssns VIII
LIST OF ABBREVIATIONS.....oceeccieriinmreesnsnrusnssecssssransesssssssmsssssssssrassssassassasones IX
ACKNOWLEDGMENTS .....cotiiiiticemntiimnierisissniiessisessimiasrisisssmasnsssssessssssssossananes X
CHAPTER 1 : MOTIVATION....oocoomrsersmssrsesssssesssmsssessssossesosssrs I
1.1 Superconducting Cables..........cccccomrimiiinnnrnviccrenrnnsieiccrenns 1
1.2 The Problem .....c.ccovriiiinenririsnniicnnesenissnisesstescsnssesssssesensnases 2
1.3 Cable Models and Protection SyStem ...........ccoceeevervierrrecvarrreanens 2

CHAPTER 2 : SUPERCONDUCTORS AND GINZBURG — LANDAU
EQUATIONS 6
2.1 Type of Superconductors ..........ccoceemmirenriseerinennnessesenesens 14
2.1.1 TypeIand Type II superconductors............coccrvineennnes 15
2.2 Time Dependent Ginzburg-1 andau Equation Using in the
Simulation 17 )
2.2.1 The Energy Function in Ginzburg-Landau
Equation 18
2.2.2 The Discretization and Calculation Procedure to
the Energy Function in Ginzburg-Landau Equation............... 20
CHAPTER 3 : VALIDATION OF THE SIMULATION PROGRAM IN
DIFFERENT MAGNETIC FIELDS AND TYPES OF DEVICE
CONDITIONS 23

3.1 The SimMulations .....c.ccvveivinierieniinnimniee s sesresesssssns 23
3.1.1 Simulations at Different Magnetic Filed Strength.......24
3.1.1.1  The Low Magnetic Field.......cccccocnvereennnnee 24

3.1.1.2 The Medium Magnetic Field ...................... 25

3.1.1.3 The High Magnetic Field.........c.ccocrvunnnne. 28

3.1.2 Simulations on Superconductor Device...........orvreernne 31
3.1.2.1 Pinning Effect ....ccouvvevrnerirvenicncrsrornssisirens 31

3.1.2.2  Junction/ Interface......c.ceccervvsvrcrrencsrorvsnssenns 32



3.1.2.3 Linear Anti-symmetric Magnetic Field ....... 33
3.1.2.4 Current Effect in Two Material

Regions 35
3.1.2.5 Junction with Two Material Parameters

for Three RegIONS.....cccovivcomnenenisnninvicsiicniicnnans 36
3.2 The Purpose of the Tests.......cccccivvmenseriirinsrmniinesorissssosmsnan 37

CHAPTER 4 : FLUX MOTION IN SUPERCONDUCTING AND
NON-SUPERCONDUCTING STRUCTURES....c...ccocvvmrirrmsnirisisssssorsnisssssssssossonces 38
4.1 Model of SFFT Type Layout ........cceceecinirimsnsirncnsinssnsnnisnsens 38
4.2 Simulation on the SFFT for applying to the power cables ....... 40

4.2.1 Vortices Motion in Type [ and Type II
Superconducting Regions ........ccecvveerircrnincsnnnnncscnnnnssneinens 41
4.2.2 Non-superconducting and Type II
Superconducting Regions .........cccevevevmiitiinnnininoniiiienens 42
4221 Vortices Motion in
Non-superconducting and Type 11
Superconducting Regions ........cccveevnnncecnninnnennnenens 42
4.2.2.2 The Interface Effect Between
Non-superconducting and Type II
Superconducting Regions..........cceecevverenrerrernneinnnneennas 43

4223 Calculation in the Perpendicular

Direction to the Magnetic H Field........c.coevenniieennne 44

42.2.4 Calculation on the Parallel Direction to
the Interface ........cooreivinnicsini e 46

4.2.3 Vortices Motions in Two Type H

Superconducting RegiOns ..o, 48
42.3.1 TheLarge Scale ....cooevveriiiimceiiiciiicecnnnene 48
4.23.2 The Small Scale .......coovivieininniiniiecninniiene 50
4.3 The Brief SUMMATY.......cccocceniiiininiinnsie s 51

CHAPTER 5 :1-V CHARACTERISTIC FROM SIMULATION ON DESIGN
STRUCTURE 52

i



5.1 The idea for having the I-V features of superconducting

cable 52
5.2 The Settings in the Simulations .......cc.cccevevveeccecrnrcrirereecreceesann. 55
5.3 The Result on the Speed Characteristics in Designed
Structure 58
53.1 TheResult of Set A.......ooverreeniniinierererrrssesnenesrsressenns 59
5.3.2 The Result of Set B........coveceernenrrievrrerccrisrenerieessseerens 60
53.3 TheResult of Set C....ccconrvvmriiniinrrnrrenrnreerncesreenne 62
5.3.4 Comparing the Results of Set A, Set B and Set C.......63
5.4 Comparison with the Adjusted Data and the Raw Data of
Calculated Speed.........ccouievveercorenrecrrereeceeserseneaseesrenersae s seesensens 64
5.4.1 The Distribution .......cvvriereernrvssisssmennnsessisnierenssssensnnenes 64
5.4.2 The Comparison between the Reformed Data and
the Raw Results........oovveiiviieiniinrinnnscnnnnnes e senssnesesssssssnans 65
5.5 Consideration of the Vortex Size.......ccecmririirereeiionrnnveneroneians 67
5.5.1 The NormaliZation ...........cccecereecemreeesessessenscrsraesseaseasans 67
5.5.2 The Comparison on the Vortices SizeS......c.cceevvienennn 68
5.6 Summary of the Simulation Results.......ccoceervrveerceenerisencnnnn. 70

CHAPTER 6 : PROTECTION SYSTEMS FOR SUPERCONDUCTING
POWER CABLES 71

6.1 The Characteristics of Protection System.........ccccccervrrrervenennnn. 71
6.1.1 Monitoring the Operator Temperature...............overevunn. 71
6.1.2 Protecting the Power Cable and Equipment ................ 72
6.1.3 Alternated Applications for Flux Induced Voltage

on the Power Cable ..........cocovmmiiiniennnnensrinienenesnseseserenennns 75
6.1.4 Circuit Functions for Design.........cccoicemenvnervccrnnennnns 76
6.2 ACCOMPISHIMENL ....ocvnrerreirncoiririese s ersrareensetesnsnrnenaenaseneserenns 76

6.2.1 Reliable Simulation on Computing System

Characteristics 76

6.2.2 Potent Subject for Patent.........ccoccecvreriernienernvnienien e, 77
CHAPTER 7 : CONCLUSIONS AND FUTURN WORK.......ccocconeurmecemmirireneces 78

jii



7.2 FUIIE WOIK 1vvvvevvrreresseeeesiserestsesssssssessssssssssssanssssssssssasessnssssons 79
BIBLIOGRAPHY ........ovvtunrirnesmssssssssssrssssmsssssssistesssassssssssssssssesssammsssssssssnssssassssssases 80
APPENDIX A: MATLAB PROGRAM LISTED FOR REFERENCE...........ccoonnnee.. 84
PUBLICATIONS ......oieuvetnitsiiesesscssenssbsssssssesmsess st smssssmsess s ssssssssmsessassieesssasss 93
VITA osoecreeetscaes s s bssssassssossssss sssssssssansssass st s sesssssasssassassssssssssssssssensssssssrnnns 94

iv



