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Summary:

This thesis describes a proposed busbar protection scheme immune to
the impact of the outflow current during internal faults based on the
combination of magnitude and phase angle comparisons into a single
characteristic with setting adjustment according to the requirements of the
busbar protection. The effective relay performance is achieved by
implementing the phaselet approach and the adaptive digital mimic filter to
facility estimating the current phasor rapidly that causes the proposed relay to
operate faster.

The performance of the proposed scheme is extensively analyzed for
different fault conditions on a breaker and a half bus substation to ensure its
proper response during internal, external and evolving faults. Tests are
carried out to investigate the impact of the circulating current, CT saturation,
fault inception angle, fault type, fault location and high fault resistance. ATP
simulations ensure that the proposed scheme can fulfill all busbar protection
requirements within quarter cycle operation time and is not affected by the
outflow current during internal faults.



ACKNOWLEDGMENTS

First of all, many thanks to Allah who helped and guided me in
preparing this thesis.

| wish to express my deep gratitude to my supervisors; Prof. Dr. Essam
El Din Abo El Zahab and Associate Prof. Dr. Doaa Khalil lbrahim, Electrical
Power and Machines Department, Faculty of Engineering, Cairo University
for their endless support, insightful comments and excellent suggestions.

Also, | would like to thank my colleagues and managers for their
support and advice.

Finally, I can never thank my family enough for their consistent
sacrifice, great support and continuous encouragement during my study.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt I
TABLE OF CONTENTS ..ot ii
LIST OF TABLES ...ttt vi
LIST OF FIGURES ...ttt vii
LIST OF SYMBOLS AND ABBREVIATIONS ..., X
ABSTRACT e XV
CHAPTER (1): INTRODUCTION......ccciiiiiiieiie e 1
1.1, BACKGIOUNG ...ttt 1
1.2, Problem STAteMENT ..ot 3
1.3, TheSiS ODJECHIVES ... 3
1.4, ThesSis OrganiZation ...........cccceeieiieiieiiie s see e ste et e et a et e ra e e sre st e e sreenes 4

CHAPTER (2): LITERATURE SURVEY FOR DIFFERENTIAL AND

DIRECTIONAL BUSBAR PROTECTION.......ccceoiiiieee e 6
2.1.  Conventional Differential ProteCtion ...........cocooiiiiiiiieie e 6
2.2.  Conventional Directional ProteCtion............cccoevriiriiineneieesesesesese e 7
2.3.  Recent Algorithms Based on Differential and Directional Protection....................... 8

2.3.1. Directional Protection Based on Sequence Impedance ............cccocevveieivcnenne 8
2.3.2. Directional Protection Considering Pre-fault Voltage...........ccccoovoviieiiiinnnn. 9
2.3.3. Differential Protection with CT Saturation Detection Algorithm ................... 10
2.3.4. Differential Protection with CT Saturation Compensating Algorithm............ 12
2.3.5.  Combination of Differential and Directional Protection ...........cc.ccecovcererinnns 13

CHAPTER (3): OUTFLOW CURRENT DURING INTERNAL FAULTS

............................................................................................. 15

3.1.  Circulating Current in Bushar Arrangements ...........cocoererninnineneneseseseseeseenens 15

3.2.  Circulating Current in Transmission Line Arrangements........ccccovvvvvvieevieesinesinennns 17
3.3.  The Impact of Outflow Current during Bus Faults on the Conventional Busbar

o (0] (o o] o S PSSTRPRN 18

3.3.1.  Conventional Differential ProteCtion..............ccoouvireniininiiiinnneneseeeeens 18

3.3.2. Conventional Directional ProteCtion .........cccccvevviveveiiiie i 18

3.4. A Published Busbar Protection Technique Immune to the Effect of Outflow Current

AUIING BUS FAUILS ... 19

3.4.1. Performance Analysis during Internal FaultS............cccccooviiiiiiiiie e 19

3.4.2. Performance Analysis during External Faults ...........cccccoovvviviviiieiieie e 20



3.4.3. The Effect OFf CT SatUrAtiON .....oeeiieeeeeeeeeee e ee e e e e eeea e 21

3.4.4.  General Performance Evaluation of the Integrated Impedance Technique...... 22
CHAPTER (4): PROPOSED BUSBAR PROTECTION SCHEME ....... 23
4.1, CUurrent Ratio PIANE.........cooiiiiiiiiie e 23
4.1.1.  Setting Adjustment for Busbar ProteCtion............ccoceeeveiviiniininenenceeeen 24
41.1.1. Internal Fault without Outflow CUITeNnt..........coceveiviiiiiiieeeeeias 24
41.1.2. Internal Fault with Circulating Current ...........cccooeveiiininencsecees 25
4.1.1.3. Internal Fault with Circulating Current and High Fault Resistance ........ 27

4.2, Phasor ESHMALION .......cccocveiiiiiie ettt s sne e nes 30
4.2.1. Discrete Fourier Transform ........ccocvoeieieiessece e 30
4.2.2. Phaselet APPrOaCh ..ot 31
4.3.  Digital MIMIC FIIEr ..cc.vviie e 33
4.3.1. PrincCiple of OPEration ..........coiviiiiieieeese e 33
4.3.2. Digital Mimic Filter CharaCteriStiCS........ccooviieviiiiiinie e 33
4.3.3.  Time Constant EStIMAtioN ..........ccccoreiiiiiiiiiisee e 34
4.4, DiStUrDANCE DEECIO.......c..iiuiiieeieieieee ettt seeenes 36
4.5,  Digital LOW-PasS FIlter .........cccviiiiiiiiie e 37
4.6.  Proposed SChemE PrOCEAUIES .........ccoiiiiiieieieisee st 38
CHAPTER (5): POWER SYSTEM SIMULATION........ccocevvvevveiieee. 41
5.1, SySIEM UNUEEN STUAY ....oveiiiiieiieiisieie e 41
5.1.1. R TUR o T Y, (oo =] T T USSR 42
5.1.2.  Current Transformer Modeling .........cccooviiiiiiiniii e 43
5.1.2.1. CT EQUIVAIENT CITCUIT......ceeieiiiie e 43
5.1.2.2. O I ] o o PSSR 44
5.1.2.3. CT MOUEIIN ATP .. 45
5.1.3. Power Sources and Loads Modeling ..........cccooviveieiicicii i 47
5.1.4.  Transmission Line MOGEliNg.........cccoeoviiiiiiiiiiiic s 48
5.1.5. FaUIt MOUEIING ... 48
5.2.  Setting Adjustment of the Proposed SCheme ...........ccccevevieiiiiieiiene e 48

CHAPTER (6): SIMULATION CASES AND PERFORMANCE

AN ALY SIS e 50
6.1. Testing the Performance during Internal Faults..........c.cccooviviiiiiniiiicic e, 50
6.1.1. Internal Fault with Circulating Current ..........cocoovviieieieicsee e 50
6.1.1.1. Case 1: One Power Source iS CoNNected...........cocvvverereneinseee e 50
6.1.1.2. Case 2: Two Power Sources are Connected .........cccevvvvviveresesieesiesennns 53



6.1.2. Internal Fault without Circulating Current..........cccoceevvevivecvcne e 56

6.1.3. Internal Fault with High Fault ReSIStance ..........cccoovvviiiieieieiceccceies 60

6.2.  Testing the Performance during External Faults..........c.ccccovviiiivi i 62
6.2.1. External fault with Severe CT saturation ...........cccocvevveveniviiieve e 64
6.2.2. External fault of Different Fault Types and Locations.........ccccccevvvevveiinennnnne 67
6.2.2.1. Double Phase External Fault .............cccccovviieiviiiece e 67
6.2.2.2. External Fault Far away from the Busbar..........ccoccoooeioveiiiiiienciecen, 70

6.3.  Testing the Performance during Evolving Faults............ccocoveiiiiieiinie e 72
CHAPTER (7): CONCLUSIONS AND FUTURE WORK........cccccvevuene. 75
% S O o [T LSS USSR 75
A V(1= Lo R 76
REFERENGCES ..ottt 77
PUBLISHED WORK ...ttt 81



Table 5.1:

Table 5.2:

Table 5.3:

Table 6.1:

Table 6.2:

Table 6.3:

Table 6.4:

Table 6.5:
Table 6.6:

Table 6.7:
Table 6.8:

Table 6.9:

LIST OF TABLES

The SYStem PArameters ........cocvvveiiieiie e 42
Input and output data of SATURA routine ..........cccocevvvevieeinesnnenne 47
Parameter values for the four 10ads ..........ccocceviieniini i, 48
Simulation results analysis for internal fault with circulating current

(Case 1: one source is coNNected) .......ccoveveeevieiiieesie e 51
Simulation results analysis for internal fault with circulating current
(Case 2: two sources are conNected) .......cccvevveevveeivesiiesiresie e 54
Simulation results analysis for internal fault without circulating
CUITEINT .ttt et et be e e e nnn e 56
Simulation results analysis for internal fault with high fault
FESISTANCE ...ttt sttt ettt nee e 60
Simulation results analysis for external fault ...............ccccooeennne. 62
Simulation results analysis for external fault with severe CT

7 LD LA ] APPSR 65
Simulation results analysis for double phase external fault ............ 67
Simulation results analysis for external fault far away from the
DUSDAN. ... 70

Simulation results analysis for evolving fault ..............cccccceevveneee. 72

Vi



Figure 1.1:
Figure 1.2:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:

Figure 2.6:
Figure 2.7:
Figure 3.1:

Figure 3.2:
Figure 3.3:

Figure 3.4:
Figure 3.5:
Figure 3.6:

Figure 3.7:

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:

LIST OF FIGURES

Connection of differential busbar protection technique................... 2
Frame leakage bushar protection............cccocoveviiie i 3
Operation characteristics of differential protection technique.......... 7
Operation characteristics of phase angle comparison technique...... 8

Characteristics of fault discrimination ...........cccccocvviiiiiniiniiicene, 9
Waveform of the difference functions during CT saturation.......... 11
Differential protection performance during internal and external

FAUIES e 12
Operating regions of differential protection.............ccccceevevvenenne. 13
Operating modes of the combined technique..........c..cccccceeveevnnenee. 14

Single breaker-single bus scheme during (a) internal fault F1 and
(b) external faUIt F2.........c..oooieeeeee e 15
Internal fault on breaker and half busbar with circulating current. 16

The effect of connecting the power source Gen 2 during internal

fault with circulating Current..........cccco e 17
Internal fault on multi-terminal line with circulating current ........ 18
Single busbar considered for performance analysis....................... 19

Performance analysis of the integrated impedance technique during
internal faultS........ccoooee i 20

Performance analysis of the integrated impedance technique during

EXEEINAL FAUIES ...ttt enesennnnnnne 21
Characteristics of current ratio technique...........cccoovveveeveiieieee, 23
Internal fault without outflow current .........coooovvveiii, 24

Current ratio plane during normal operation and fault conditions. 25
Internal fault with outfeed current caused by the circulating path. 26
Current ratio plane with the effect the circulating current.............. 27
Internal fault with outfeed current caused by the circulating path

and high fault resistancCe..........ccccvevie i 28

Vil



Figure 4.7: The current ratio versus the fault resistance for different values of
the sharing percentage and outfeed percentage.............ccccecuvernnenne 29

Figure 4.8: Current ratio plane with the effect of the circulating current and

FAUIL FESISTANCE ... 29
Figure 4.9: Traditional full cycle Fourier approach.........cccoovvoeiiiiiinciinnen, 31
Figure 4.10: Phaselet approach ...........ccccveeeieiie i 31
Figure 4.11: Digital 3" order low-pass filter characteristics ...............ccoo....... 38
Figure 4.12: Flowchart of the proposed scheme...........ccccooovevvevecce e, 39
Figure 5.1: The system under StUdY ..........cccceiiieeiiie i 41
Figure 5.2: Simplified equivalent circuit of the current transformer ................ 43

Figure 5.3: Typical excitation curves for multi-ratio current transformers...... 44
Figure 6.1: Simulation of an internal fault with circulating current................. 51
Figure 6.2: Simulation results for an internal fault with circulating current .... 52
Figure 6.3: Simulation of an internal fault with circulating current................. 53
Figure 6.4: Simulation results for an internal fault with circulating current .... 55
Figure 6.5: Simulation of an internal fault without circulating current............ 56
Figure 6.6: Simulation results of Phase A for single phase to ground (AG)
internal fault without circulating current...........c.ccccoovveveiieiiieenen, 57
Figure 6.7: Simulation results of Phase B for single phase to ground (AG)
internal fault without circulating current...........c.cccccoevveveiieiiiennen, 58
Figure 6.8: Simulation results of Phase C for single phase to ground (AG)
internal fault without circulating current...........c.ccccevcveieiieiiieenen, 59
Figure 6.9: Simulation of an internal fault with high fault resistance .............. 60
Figure 6.10: Simulation results for an internal fault with high fault resistance 61
Figure 6.11: Simulation results for an external fault .............ccccccooeeieiieenne. 63
Figure 6.12: Simulation of an external fault with severe CT saturation........... 64

Figure 6.13: Simulation results for an external fault with severe CT saturation

Figure 6.14: Simulation of a double phase external fault..................ccccoveennee. 67

Figure 6.15: Simulation results of Phase B for double phase (BC) external fault



Figure 6.16: Simulation results of Phase C for double phase (BC) external fault

Figure 6.17: Simulation of an external fault far away from the busbar............ 70
Figure 6.18: Simulation results for an external fault far away from the busbar71
Figure 6.19: Simulation of an evolving fault............cccooiiiiiiie 72

Figure 6.20: Simulation results for an evolving fault............ccccceoveiiiinenne. 73



LIST OF SYMBOLS AND ABBREVIATIONS

e Symbols

a . The real part of the vector current ratio.

A, . The amplitude of the dc component of the fault current.

A, : The amplitude of the h™ harmonic component

b . The imaginary part of the vector current ratio

c . The percentage of outflow current caused by circulating path

dell(k) . The first difference current

del2(k) . The second difference current

del3(k) . The third difference current

f : Thg percentage of outflow load current caused by high
resistance bus fault

h . The harmonic index

Ipase . The base current in A

I . The circulating path feeder currents

Ics . The compensated secondary current of CT

Ipir . The differential current

Ig . The excitation current of CT

Ip . The fault current

I max . The r.m.s value of the largest fault current

I; . The current passed through the incoming feeder with index i

Limag . The imaginary part of the current phasor

I . CT load current

Livaa . The load current



Im_i,, : The imaginary part of the p™ phaselet for current signal

Lnag . The amplitude of the current phasor
Ip . The primary current of CT

Ipip . The pickup threshold current

Iy rating . The primary current rating

I, . The vector current ratio

Leeal . The real part of the current phasor
Ies . The reference feeder current

Irgs . The restraining current

I . The secondary current of CT

Isc : The stray capacitance current

I . The summation of the feeder currents except the reference
SR .
one

k . Sample index

K . The gain factor of the digital mimic filter

ks . The most recent sample after fault occurrence

n . The number of feeders connected to the protected bus
N . Total number of samples per power frequency cycle
ni . The total number of the incoming feeders

Ny . Number of turns of the CT secondary winding

p . The phaselet index

q . The number of samples per phaselet

r . The amplitude of the vector current ratio

R1 . The radius of the small arc in the current ratio plane
R, . The radius of the large arc in the current ratio plane

Xi



