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Summary:

In this thesis we simulated the arc using 2 different methods to gain an inclusive view
over the different factors that affect eh arcing process. First, we used the MATLAB
Simulink tool to simulate the arc using Mayr arc model, which gave us the current and
voltage of the CB during the fault interruption process. Then we used ANSYS fluent to
simulate the physical arc model which give us a good explanation for the interaction
between arc and fluid flow inside the braker during the interruption process. We found
that the interruption of the pole to ground fault would cause an immense heat to be
generated leading to a decrease in dielectric strength of the SF6 gas after the arc is
interrupted leading to a discharge around the hollow contact, we also found that the
decrease in solid contact diameter would cause a decrease in interruption capabilities of
the CB.



Disclaimer

| hereby declare that this thesis is my own original work and that no part of it has been
submitted for a degree qualification at any other university or institute.

| further declare that | have appropriately acknowledged all sources used and have cited
them in the references section.

Name: Mohamed Niazi Taha Elfikky Date: / /2022

Signature:



Dedication

This work is dedicated to my parents, who taught me that there’s never an impossible for
those who try.



Acknowledgments

First of all, thanks to Allah who supported and strengthened me in all of my life and in
completing my studies for Master of Science (M.Sc.) degree.

I would like to deeply express my thanks and gratitude to my supervisors, Prof. Ahdab
Elmorshidy and Prof. Mohammed El-Shahat, electrical Power and Machines engineering,
Faculty of Engineering, Cairo University, for their faithful supervision, enormous efforts and
their great patience during the period of research.

Finally, I would like to thank my family for their great inspiration, Kind support and
continuous encouragement.



Table of Contents

DISCLAMER ...utiiiiiiiiiiiiiiiiieiitieiiiiieitietittttscietseceescsscssssscscsssssssccscsssnsnnn |
DEDICATION. ..cutiiiitiiiiiiiittiiiitiititeitttiteiaeieestaciacssssssacssssssssnsenssssnssnsiins I
ACKNOWLEDGMENTS. . tiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitieiittietitaeietecacetecscsecssssnenae. i
TABLE OF CONTENTS. . citiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieicenecatneecaenenenenees v
I S IO L I = TP Vil
LIST OF FIGURES. e iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitietteeeieeiaceeneeiiecnecnees VIII
LIST OF ABBREVIATIONS. . cttiitiiiiiiiiiiiiiiiiiiiieiiiiiiiiiitiieiatiectecncsecsscecncne Xl
= I T I o PN X1

Chapter 1: INtroduCtioN....ceeeeieieeieiieeieneeeeeiiecssesenseennseannecl

L1 HVDC TranSmMuSSION. . ..ttt 1
111 BaCK-t0-DaCK. ...t 1
112 IMONOPOIE. . e 1
L3 BIPOIar. .. e 2

1.2 HVDC TECNNOIOGIES. ... ettt et e e e e e e e e e 3
1.2.1  Line-Commutated Current SOUrce CONVEIEr . ... .....ouiieiie i, 3
1.2.2 Self-Commutated Voltage Source Converter (VSC)......oiiriiiiiiii i 4

1.3 HVDC CirCUIL BIreaKerS. ... v ettt e e et e e e, 5

1.4 Construction Of the ThESIS. ... .viiei i, 5

Chapter 2: Literature REVIEW. .c.ivveiieeiereiesnresaronnscsnscsnssonasonesl

20 R 10T [0 o1 1 T ] o P 7
2.2 SFB CIrCUIT BrEaKEIS. ...\ ettt e e 7
2.2.1  MainParts 0f SF6 Gas CB........ouiiiiii i 8
2.2.2  Different Operating Mechanismsin SF6 gasCB.............ccoviiiiiiiiii e, 10
2.2.3  HVDC FaUILS. . ..o e 12
2.2.4  CommuEation CirCUIL BYPES. .. v ettt e 13
2.2.4.1 Passive Commutation CIrCUIT. .........oovriiitiii e 13
2.2.4.2 Active Commutation CIrCUIL...... ..ottt 13
2.2.5 Controlling the Rate of Rise of Recovery Voltage...............coooiiiiiiiiiii 15
2.2.6  Energy Absorbing Element. ... 15
2.3 Physical Arc Interruption Inside the SFB CBS.........o.iuiiniii e 15
2.3.1  EleCtric ArC FOrmMation. ... ....orii i e, 16
2.3.2  Electric Arc CharaCteriStiCS. ... ..uueieiiiti et e 18
2.3.3  Electric Arc INtermUPLION. ... ot 19
2.3.3.1 AC INTEITUPLION. . ..ottt et et ee e e e aaa e 19
2.3.3.2 DC INTEITUPLION. . ..ottt et e e e et e et et e e e e e aaa e 19
2.3.4 Interruption of Electric Arcs inthe SF6 Gas CBS........c.coivviiiiiiiiiiiiiiieeeeee 20

iv



2.4 ATC MOACIING ..ot e e e 21

2.5 PreviOUS ReESCAICHES .. ...utitint ittt et ettt et et e et et e e e e 21
2.5.1 Parameters Affecting the di/dt of the Arc Current and RRRV of the Recovery Voltage
VBV . 21

2.5.2 Discharge inside the CB after the Interruption Process.............ccoooveeveiiiinininennnnnn.. 22

2.5.3 Effect of CB Geometry on the Interruption Process............ooovvvviiiiiiiiiiiiiiniiianen.. 23
Chapter 3: Computational Methods..........ccoeveviiiiiiniiiiinnnnnn 24
3.1 MATLAB SImUIINK. . ..ottt e e et et et et et et et e e e e e eenaanas 24
3.2 ANSYS FIUCHE. ... e 27
3.2.1 Finite Element Method. ... e 27
3.2.2  Design Consideration for CB.........c.c.iiiiiiiitiiiit e 28

Chapter 4: Arc Parameters and Fault Impedance effect on the
Gradient of Arc Current and Rate of Rise of Recovery Voltage
Using Mayr Arc Model......ccceeeiieiiiiiiiiiiiiiiiiiccsssssssnnneeeess 31

4.1 Method and STmUIAtION. .......uuei e e 31
4.2 SIMUlation RESUILS. .....c.uitiii i e e e 32
i RN (ol B 1 TS ) 151723 L () TS 32
4.2.2  Co0lING POWET (P).. et 35
4.2.3  Fault IMpedance.........c.oiiuiiiiiit e e 40
G B 15T L] 1o o T 42

Chapter 5: Assessing the discharge around the CB arcing contacts
after arc interruption........cccoeevviiiiiiiiiiiiiiiiiiiinnneiiceeiennsnndd

5.1 Method and STmUIAtIoN. .......o.uiuie ettt et et e 43
5.2 SImulation ReSUILS. ... ... e 43
521 Arc Voltage and CUITENL. ........ouiitinit i e 43
5.2.2 Electric field, Temperature and Pressure Distribution..............c..c.coeeereiininininnnen.n 45
5.2.3 Distributions at the Instant of Arc Interruption..............cooviiiiiiiiiiiiieeieeeeeeas 51
5.2.4 Dielectric Strength Calculation at the Selected Points..............ccoovviiiiiiiiiiiiiiiininn, 54
5.3 COMCIUSION. ... eee et e e 57

Chapter 6: Effect of Contact geometry on temperature and
pressure during the interruption process.........cccceeevieiineeee...58

6.1 Method and SIMUIAtION. ... ...o.iiti e e e e 58
6.2 SIMulation ReSUILS. ... ... e e 59
6.2.1 Temperature and Pressure diStribUtions. .........c.vvuiieititii e 59
6.2.1.1 Solid CONACt RESUILS. ... .ttt e e e e e 59
6.2.1.2 HOllow CONtact ReSUILS. ......vvtitie i, 76

8.3 CONCIUSION. ..ttt ettt et e e e e e e 90



Chapter 7: Conclusion and Future Work........ccccceveieeieiannnnns 921

7.0 RESUIS SUMMETY............e.eoeeeeseseeseeese e 91
7.2 FUIUIE WOTK ...t 92
References. .ccoiiiieiiiiiiiiiiinniiiiiiiisssstccsssssssssssecsssnsssssann 93
Appendix A: MHD Equations of Ansys Fluent.......cccceeeeeennen.. 98
Published WOrK......ccooiiuiiiiniiiiiiiiiiiiiiieiiiiniiiineiiinnconnnnonns 100

Vi



List of Tables

Table 3.1: Commutation CirCuit Parameters ...........c.ouieiieriiriieiieiireieeiiieeeeenaaeans 25
Table 4.1: Values of the Commutation Circuit Components................oooeviiiiiiiiiniinnn. 31
Table 4.2: Values of di/dt and the RRRV foreach Case.............covviiiiiiiiiiiiinn, 40

Table 5.1: The Duration of Electric Discharges at each Point Around the Hollow Contact...57

vii



List of Figures

Figure 1.1 (2) : Monopole Configuration...........c.o.uvuiriiiiriirie et eee e e e aaeeeaas 2
Figure 1.1 (b) : Bipolar Configuration ...............c.ooeiiiriitiiiiii i e 2
Figure 1.2: Conventional HVDC with Current Source Converters ..............ccceveueneenennn.. 3
Figure 1.3: HVDC with Voltage Source Converters ............coovvieiiiriirieaniiiiieeanenennn, 4
Figure 2.1: Pole standing on its Own Support Leg Configuration...................cccooeviiiiini 9
Figure 2.2: 3Poles Standing 0N 2 Leg@s ......ooviniei e 9
Figure 2.3: Grading Capacitors. .. ......uuiuientittatt ettt ettt eeeee e et e e eteeeenaeaneenas 10
Figure 2.4: Spring Mechanism of the CB.............ooiiiiii i, 11
Figure 2.5:Hydraulic Mechanism of the CB..............cooiiiiii e, 12
Figure 2.6:Construction of the Passive Commutation Circuit..................ocoeiiiniinininnnnn. 14
Figure 2.7:Construction of the Active Commutation Circuit.............c.cooevviiiiiinieinn.. 14
Figure 2.8: Degree of lonization of Different Gases and Metal Vapours.......................... 16
Figure 2.9:Electrical Conductivity Value Increase with the Increase in Temperature........... 17
Figure 2.10:A Simple Arc Column between the Anode and the Cathode.......................... 18
Figure 2.11: Change in Thermal Conductivity of SF6 Gas with Temperature................... 19
Figure 2.12: Construction of the Puffer Type CB.......c.oviiiiiiiiiiii e 20
Figure 3.1: Commutation TeSt CITCUIL .......oiutiitiit ittt eeeaeans 25
FIQUIE 3.2: ATC CUITENL. ...\ttt et ettt e e e e e e e e e e e e 26
FIQUIE 3.3:CB VOltage. ..o e e e 26
Figure 3.4: Design of the Breaker Used in the Simulation....................ccocoiiiiiiiinnn.. 28
Figure 3.5:The Meshed Geometery 0f the CB.........cooiiiiiiii e, 28
Figure 4.1:CB Arc Current at Different Arc Time Constant Values.....................ccevne. 32
Figure 4.2:CB Voltage for Different Arc Time Constant Values..................ccooeeiiiinen. 33
Figure 4.3:di/dt Curve with Arc Time Constant Value................cooiiiiiiiiiiie, 33
Figure 4.4:RRRV Curve with Arc Time Constant Value................ocoiiiiiiiiiiiiii e 34
Figure 4.5:Arc Current Simulation for the some Values of Cooling power....................... 35
Figure 4.6:Effect of Changing the Cooling Power on Arc Current Gradient di/dt............... 36
Figure 4.7:CB Voltage for the Cooling Powers of 8.5, 16, 19, 21,30 MW....................... 37
Figure 4.8:Effect of Changing Cooling Power onthe RRRV.................cooiiii 38
Figure 4.9:Effect of Low Cooling Power Value on Arc Current............ccoveieineninennnn.. 39
Figures 4.10:Arc Current for Different Fault Impedances..................cooiiiiiiinnn.. 40
Figures 4.11:CB Voltage for Different Fault Impedances..................coviiiiiiiiiinnn. 41
FIQUIE 5.0: ATC CUITEN. ...ttt et et et et e eeees 44
FIQUIE 5.2:CB VOltage. . . oot e 44
Figure 5.3 (a):Electric Field Distribution in MV/m at 3KAmp............coviiiiiiiiniiiin. 45
Figure 5.3 (b):Electric Field Distribution in MV/m at 4KAmp...........c.ooeviieiiiininniinnn 46
Figure 5.3 (c):Electric Field Distribution in MV/m at SKAmp............ccoooviiiiiiiiiinnnnn.. 46
Figure 5.3 (d):Electric Field Distribution in MV/m at 6KAmMp.............ccoovieiiiiininniin.n 47
Figure 5.4 (a):Arc Temperature Distribution in Kelvin at 3KAmp.................ooeiieiin.. 47
Figure 5.4 (b):Arc Temperature Distribution in Kelvin at 4kAmp..............ccooveiviiiinnnn... 48
Figure 5.4 (c):Arc Temperature Distribution in Kelvin at SkKAmp...............ccoveeiievninn.. 48
Figure 5.4 (d):Arc Temperature Distribution in Kelvin at 6kKAmp................ccooeviivinenn... 49
Figure 5.5 (a):SF6 Gas Pressure Distribution in Pascal at 3kKAmp..................cooooeiinnn.. 49
Figure 5.5 (b):SF6 Gas Pressure Distribution in Pascal at 4kKAmp..............c.ooveeeininnnnn.. 50
Figure 5.5 (¢):SF6 Gas Pressure Distribution in Pascal at SKAmp...............ccoeeiiinnnn.. 50
Figure 5.5 (d):SF6 Gas Pressure Distribution in Pascal at 6kAmp...............ccceeviininnnn.. 51

viii



Figure 5.6 (a): Electric Field Distribution in MV/m inside the CB........................call 52

Figure 5.6 (b): SF6 Gas Pressure Distribution inside the CB....................coooiiiiiinn. . 52
Figure 5.6 (c): Temperature Distribution in Kelvin inside the CB....................ooiini. 53
Figure 5.7: Points of Study Around the Hollow Contact.................coooiiiiiiiiiiiiiin ., 53
Figure 5.8 (a): Electric Field in MV/m for the Desired Points with Respect to Time after Arc
I U I ON. ... e 55
Figure 5.8 (b): The SF6 Gas Pressure in Pascal for the Points with Respect to Time After Arc
LSS w0051 ) 55

Figure 5.8 (c): The Temperature in Kelvin for the Desired Points with Respect to Time After
N O 4173 0 00151 ) 56
Figure 5.9: The Critical Electric Field Value Relation with the Pressure and Temperature.....56
Figure 6.1: The Calculation Line and Point................oooiiiiiiii i, 58
Figure 6.2 (a): Temperature Distribution in Kelvin for 13.5 mm Radius Solid Contact at Arc
CUITENE B AP Lottt e et e e e 60
Figure 6.2 (b): Temperature Distribution in Kelvin for 13.5 mm Radius Solid Contact at Arc
(O30S 1 A 02N 1 o 60
Figure 6.2 (c): Temperature Distribution in Kelvin for 13.5 mm Radius Solid Contact at Arc
(O30 1515 1 LAY 02N 31 o 61
Figure 6.3 (a): Pressure Distribution in Pascal for 13.5 mm Radius Solid Contact at Arc Current
B A I D 61
Figure 6.3 (b): Pressure Distribution in Pascal for 13.5 mm Radius Solid Contact at Arc Current
S A I . e 62
Figure 6.3 (c): Pressure Distribution in Pascal for 13.5 mm Radius Solid Contact at Arc Current
B A I D o 62
Figure 6.4 (a): Temperature Distribution in Kelvin for 10 mm Radius Solid Contact at Arc
Current KAMP. ... 63
Figure 6.4 (b): Temperature Distribution in Kelvin for 10 mm Radius Solid Contact at Arc
Current SKAMD ... oot e 63
Figure 6.4 (c): Temperature Distribution in Kelvin for 10 mm Radius Solid Contact at Arc
CUurrent OKAMIP. . ... 64
Figure 6.5 (a): Pressure Distribution in Pascal for 10 mm Radius Solid Contact at Arc Current
B AP . e 64
Figure 6.5 (b): Pressure Distribution in Pascal for 10 mm Radius Solid Contact at Arc Current
3]0 AN 111 ¢ PP 65
Figure 6.5 (c): Pressure Distribution in Pascal for 10 mm Radius Solid Contact at Arc Current
DR AP . .o 65
Figure 6.6 (a): Temperature Distribution in Kelvin for 7 mm Radius Solid Contact at Arc
(N =T 01 ] AN 1] o PSP 66
Figure 6.6 (b): Temperature Distribution in Kelvin for 7 mm Radius Solid Contact at Arc
(N =T 01 BY 0 AN 1 o T USSP 66
Figure 6.6 (c): Temperature Distribution in Kelvin for 7 mm Radius Solid Contact at Arc
(N =T 01 M) AN 10 o TSRS 67
Figure 6.7 (a): Pressure Distribution in Pascal for 7 mm Radius Solid Contact at Arc Current
R 2N 21 o PP 67
Figure 6.7 (b): Pressure Distribution in Pascal for 7 mm Radius Solid Contact at Arc Current
2 40 o P 68
Figure 6.7 (c): Pressure Distribution in Pascal for 7 mm Radius Solid Contact at Arc Current
3 2N 21 o PP 68



Figure 6.8 (a): Temperatures Infront of Different Solid Contact Sizes at 3

AN 11 o PP TP SPPRPRN 69
Figure 6.8 (c): Temperatures Infront of Different Solid Contact Sizes at 5 KAmp.............. 70
Figure 6.8 (e): Temperatures Infront of Different Solid Contact Sizes at 6
2N 4 71
Figure 6.9 (a): Pressures Infront of Different Solid Contact Sizes at 3
2N 4 71
Figure 6.9 (c): Pressures Infront of Different Solid Contact Sizes at 5
2N 4 72
Figure 6.9 (e): Pressures Infront of Different Solid Contact Sizes at 6
02N 44 73
Figure 6.10: Temperatures at Point 1 above Different Solid Contacts Sizes with Respect to
T ettt e e e eeee e e sineeseessnesnneennneens [
Figure 6.11: Pressures at Point 1 above Different Solid Contact Sizes with Respect
L(0 11544 1< PR UUPOUUSRUPRRRPRO 75
Figure 6.12 (a): Temperature Distribution for 7 mm Diameter Hollow Contact at Arc Current
R 2N 111 o PP 77
Figure 6.12 (b): Temperature Distribution for 7 mm Diameter Hollow Contact at Arc Current
R AN 33 o T PSP 77
Figure 6.12 (c): Temperature Distribution for 7 mm Diameter Hollow Contact at Arc Current
(3] AN 111 o RPN 78
Figure 6.13 (a): Pressure Distribution for 7 mm Diameter Hollow Contact at Arc Current
K] 0N 1] I PP PPPRP 78
Figure 6.13 (b): Pressure Distribution for 7 mm Diameter Hollow Contact at Arc Current
S A I D e 79
Figure 6.13 (c): Pressure Distribution for 7 mm Diameter Hollow Contact at Arc Current
0] SN 1 01 79
Figure 6.14 (a): Temperature Distribution for 9 mm Diameter Hollow Contact at Arc Current
R N 1 01 80
Figure 6.14 (b): Temperature Distribution for 9 mm Diameter Hollow Contact at Arc Current
] N 011 o 80
Figure 6.14 (c): Temperature Distribution for 9 mm Diameter Hollow Contact at Arc Current
0] N 01 81
Figure 6.15 (a): Pressure Distribution for 9 mm Diameter Hollow Contact at Arc Current
B A I D e 81
Figure 6.15 (b): Pressure Distribution for 9 mm Diameter Hollow Contact at Arc Current
D A I D e 82
Figure 6.15 (c): Pressure Distribution for 9 mm Diameter Hollow Contact at Arc Current
B A I D o 82
Figure 6.16 (a): Temperatures Infront of Solid Contact for Different Hollow Contact Sizes at 3
102N 11| R 83
Figure 6.16 (c): Temperatures Infront of Solid Contact for Different Hollow Contact Sizes at 5
192N 11| TSP 84
Figure 6.16 (e): Temperatures Infront of Solid Contact for Different Hollow Contact Sizes at 6
N 11 o TSP 85
Figure 6.17 (a): Pressure Infront of Solid Contact for Different Hollow Contact Sizes at 3
192N 11| TSP 86
Figure 6.17 (c): Pressure Infront of Solid Contact for Different Hollow Contact Sizes at 5
AN 0o P 87



