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Abstract

Power system not only has the capability to meet the present demand but it also has the flexibility to
fulfill the future demand. That's why we have to design a power system that can protect the power
system from various types of faults and ensures continuity of supply. The main objective of power
system protection (PSP) is to protect the electrical system from faults and minimize the risk of
damage to the electrical equipment’s. In this way the entire electrical system is safeguarded against
damage and minimizes the equipment repair or replacement cost. Power system protection also
provides safety to the personnel dealing with the electrical systems. The quality of a protection
system is that it should be reliable in case of dependency and security, a good protection system is the
one that should trip whenever there is a fault and remain inoperative during healthy conditions.
Power transformer is the most costly equipment in the power network that is often protected mainly
by differential relay. The cost of a new power transformer, or repair of a damaged one and the time
required in purchasing, repair or installation should be minimized as far as possible. The expected
results from this work would be helpful in improving the performance of a differential relay receiving
currents from CTs that saturate. This will be a great achievement in the field of power system
protection, and will help in protecting a power transformer in a better and more efficient way. The
result gather from research feather utilize for research publication. It would also beneficial for the
authorities who use the protection system In Pakistan. It help to enhance the protection of power
systems. Differential protection is an important protection for the electrical components such as
transformers, generators and busbars, it operates when the magnitude or phase difference between

two or more similar electrical quantities exceeds from a pre-set value.

When one of the CTs (or both CTs) associated with the differential protection scheme of a power
transformer saturates, incorrect secondary currents are produced which do not reflect the true
primary line currents. This causes false operating current to appear in the differential relay’s

operating coil and causes relay unintended maloperation.

In this thesis, [ developed a model power transformer along with its differential protection scheme in
MATLAB/Simulink environment, Simulate saturation effects of the current transformer by using IEEE
Power Systems Relaying Committee’s CT saturation data to analyze the impact of current
transformer’s saturation on the differential protection scheme the power transformer and
Suggest/develop methods to minimize the malfunctioning of the differential relays due to CT

saturation.



Table of Contents

Declaration.... v
Dedication vii
ACKNOWIEAZEMENTS....coureerrerscerseeesreesessssessssesssessssess s ssssssssse s sssssssssessssesssssssaseesees viii
2N ] 0 =T PP bie
Table of Contents... X
LISt Of FIGUIES.cuuireurereueerneesssesssssessssssssessssessssssssssssssssssssssssessssssssssssssssssssssssssssssssssnns Xiv
5 ] 0 = o 2 xvi
LT o 2N 0] ) )74 T U o) O xvii
CRAPTET L.....eeceeeeceeeetseseseeesssesss s essses s s s s bR 8RS8 88841884 E 18£8 £ E 8RR 881 E 8RR AR 1
04075 1D o T o OO PPN 1
1.1 PrODIEIM STATEIMENE ...uivuresrersuseessesesessssessssssessssssssssssessss s sss s s s RS R R SRR S R R S R e 00 2
BN T T B0 o) =T ot AT PPN 2
1.3 MEthOd Of RESEATCH...couuirirercrtsrsri s sesss s s RR R R R S RS S R R RS R R 3

1.3.1 THEOTEUICAL STUAY ceurerurrerssersseesseesssessssessssessssseesssesssssessssesssssessssesssssessssssssssesssssessssessssesssssessssesssssessssssssssesssssessssesssssessssssssasessanes 3

1.3.2 Experimental Setup .3

1.3.3Method of Analysis .3

1.3.4 RESULL EXPECEEM ..oreereeueeeeeseeisreesseeseesssessseesseeseessseesse s s sss s s bR SRR RS R R RS R R R Rt R e een b 3
1.4 Structure of the thesis ... 3
1.4.1 Chapter 1: .3
1.4.2 Chapter 2: .3
1.4.3 Chapter 3: 4
1.4.4 Chapter 4: 4
1.4.5 Chapter 5: 4
1.4.6 Chapter 6: 4
1.4.7 Chapter 7: 4
L0321 o) OO 5
Literature Review .5

B R U003 0 g PP 6
L0420 117 o TP PO 11
POWET SYSTEIN PrOTECEION. .....coouiererereeriteseess st seesse s s s ses s es s 11
3.1 Power system protection- Main fUNCHIONS .......oceerereesesssneesesssseesssessssesssessssssssssessssessssssssesssssssssesssssessanes 12
3.2 Power system protection-bDasiC IE@QUITEIMEITS. ....uuereerreesseeseesssesssesssessssessssssssssssesssssssssssssssssssssssessssesssssssssans 12

T BT (T 0 74 OO 12

3.2.2 StaADILILY: oo 12

3.2.3 SPEOA: ettt 12

3.2.4 SENSILIVILY ooureerureeerssesessssessssssesessssessssssessssss s sssss s sssss s ssssssesssssssesees 12
3.3 Power system protection-Quality 13
3.4 Power system protection — DasiC COMPONENTS ....ccuurerereereersneesseessseesssessssesssssssssessssessssssssssssssssssssssssssesssnsees 13



3.4.1 Instrument transformers:

3.4.1.1 Current transformer (CT):
3.4.1.2 Voltage transformer (PT):

3.4.2 Relay:
3.4.3 Fuses:

3.5 Classification of faults

3.5.1 Active fault:

3.5.2 Passive fault:

3.6 Types of three-phase system faults

3.7 AC system faults

Chapter 4

Power Transformers

4.1 General Purpose Power Transformers

4.1.1 Multi winding transformers:

4.1.2 Auto transformers:

4.1.3 Regulating transformers:

4.1.4 Two winding transformers:

4.2 Convert Transformers

4.2.1 Transformers for tractions applications:
4.2.2 Transformers for HVDC applications:

4.2.3 Transformers for industrial applications: ..

4.3 Phase shifting transformer (PST)

4.3.1 PST Design:

4.3.3 Special PST design:

4.4 Power transformer as nonlinear device

4.5 Transient Magnetizing Current

Chapter 5

Differential Protection

5.1 Applications of differential protection

5.2 Simple differential protection scheme

5.3 Differential relay protection zone

5.4 Simple differential protection-behavior during load
5.5 Simple differential protection-behavior during external fault

5.6 Simple differential protection-behavior during internal fault

5.6.2 Simple differential protection-behavior during the internal fault with double-end-fed system: ........cccecueneees

5.7 Simple differential protection scheme-actual behavior
5.8 Through fault stability and stability ratio
Figure 5.7:Through fault stability and stability ratio

5.9 Percentage differential relay

5.10 Differential protection difficulties

13
13
14
14
14
14
14
15
15
15
16
16
16
16

17

18
20
20
21
22
23
23
25

.26

26

.26

28
28
28
28
30
31
31
32
33
34
35
36
36
40



5.10.1 Magnetization inrush phenomenon

5.10.2 Over-excitation

5.10.3 CT saturation .

5.10.3.1 Equivalent circuit of CT (current transformer)

Figure 5.14 (a):Equivalent circuit of CT (current transformer)

5.10.3.2 Differential scheme considering CT equivalent circuit

Figure 5.15:Differential scheme considering CT equivalent circuit

5.10.5 Protective CT and measurement CT:

Chapter 6

Methodology.

6.1 CT saturation detection by differential slope of fault current

Step 1:Input data from C.Ts (current transformers):

Step 2: Data calculation method:

Step 3: Decision Making:

6.2 Implementation of the digital differential protection using matlab

6.3 Differential relay block
6.4 Comparator block

6.4.1 Amplitude comparator block:.............

6.5 CT (current transformer) block contents

Chapter 7

Results and Conclusion

7.1 Internal fault conditions

7.2 External fault conditions

7.1.1 Case 1:

Phase A to ground internal fault

7.1.2 Case 2:

Phase A to phase B internal fault
7.1.3 CASE i

Phase A to phase B to ground internal fault

714 CASE 4ttt sssssssssssss s sss s sssnesanens

Three phase to ground fault internal fault

2 R 0= Y I T

Three phase internal fault

7.2.1 CASE Bttt s st s

External fault Without CT (current transformer) saturation

7.2.2 CASE 7 ittt sttt bbb s e e

External fault With CT (current transformer) saturation.....

7.3 Conclusion

7.4 Utilization of Research Results

Reference

Xii

41
45
46
46

.46

47
48
49
55
55
55
55

w55

55
57

.58
w59

59
61
62
62
62
62
63
63
64
64
65
65

.66

66

.67
.67

68
68
69
69

w72
w72

73



Appendix A

Appendix B

B1 block parameters

xiii



List of Figures

Figure 1.1 Aim and 0DJECLIVE PIOCESS ... sssssssssssssssssssssssssssssssssss s sssssssssssssssssssssssssss 2
Figure 2.1 Publications related to “differential protection scheme of power transformer” ..........coenmeernreeen. 6
figure 3.1 Power system protection-QUAality.......c.cccururiiieieiiieriie e e s s e b s s s 13
Figure 3.2 Three-Phase faults.........ccciiii i 15
Figure 4.1 Multiple Winding tranSfOrMETrsS ...t ssssssssssssssssssssssessss 17
FIUIE 4.2 AULO TIaNS OIINIET c.uccvvescrerisrisssseessiessssss s ssssss s sss s sss s s R0 17
Figure 4.3(2) On-10ad tap-Changer.........vv i i et e s e s e s e s s s en e e en e e s s 18
Figure 4.3(b) Off-CirCuit tap-Chan@eT ..o et e e e e s e e e e e e 18
Figure 4.3(c) Commonly used connection for two windings power transformers............cooce. 19
Figure 4.4 TWO-WiNdiNgG tranSOTTNET ... cvuueeeeeesseerssesssseesssesssseesssesssssesssssessssesssssessssesssssessssssssssesssssesssesssssessssssssssesssssessas 20
Figure 4.5 Traction transformers appliCation.......c.cccueirioce i e s s e s s 21
Figure 4.6 Transformers rating used for HVDC WOTTAWIAE.......vcurrrerremeerseessessssesssssssssessssssssssessssssssssssssssssssssssssessssssssas 22
Figure 4.7 TWO COTE PST AESIZI covcuureereermeeerseerssesesseesssessssessssesssssssssssssssesssssessssesssssessssssssssesssssesssesssssessssssssssessssssssssesssssessas 25
Figure 5.1(a) Differential protection scheme of single phase power transformer..........ccceuueee .29
Figure 5.1(b) Output current When I_T=I_2 ........ccciiiiii it e e s s s e s s 29
Figure 5.1(c) Output current When I_ 171 2.....ccoiiiiiiiiiii i s s s s sssr s 29
Figure 5.2 Differential relay ProteCtion ZOME.........ccoiueuieeiriini ittt et e e e b s e e es e 30
Figure 5.3 Differential protection behavior during load..........c.coeii i s 31
Figure 5.4 Differential protection-behavior during external fault...........ccociiiiiiininc s 31
Figure 5.5 (a) Behavior during internal fault with single-end-fed SyStem...........ccoovmiiinnerin e e 32
Figure 5.5(b) Behavior during the internal fault with double-end-fed system...........cccccvmincciiie i 33
Figure 5.6 Differential protection scheme actual behavior.........c.ccccoiiiiiiii i s s 35
Figure 5.7 Through fault stability and stability ratio........ccccccce i e s 36
Figure 5.8 Percentage differential Felay.........ccoov i i e e e s s 37
Figure 5.9 Operating characteristics of percentage differential relay..........cccoevieirisirieienine e 39

Figure 5.10 INTUSh CUITENE.......cuiiiiic e s e e e e e e e e s enesnnsneeennennennennsnsnee D L

Figure 5.11 Flux lags the applied voltage by 90°........ccccce i s s s b 1

Figure 5.12 INrush PhenOmenon ... .. ..ottt st et e s et e be e s s s e e e e b s e 42
Figure 5.13 OVer-eXCITatiON ..ot s e b b b b s b s bbb s bbb s b e b s b 45
Figure 5.14(a) Equivalent circuit of CT (current transformer) ..........curerineie e e e s e e 46
Figure 5.14(b) CT (current transformer) characteriStiC........ouuuiiie i s e e e 47

Figure 5.15 Differential scheme considering CT equivalent Circuit..........cccoovveiiiniiece s e 48

Figure 5.16(a) Current transformer (CT) characteriStiC CUIVE..........ociiiriiii it s 49
Figure 5.16(b) Response of Protected CT ........c.oiiueirrin ittt e e s et s s st sr s en s s 50
Figure 5.17(a) Connection of CT and PT to supply,load and relay..........ccovviiminiiie s e 50
Figure 5.17(b) EQuivalent CT CIFCUIt.......coiiiiiri it st s s s s s s 50

Figure 5.17(c) Phasor diagram Of CT.......coueirrreineerree s e s eeess s s ers s s e s sen ensn sessensnesessenssssessenenssrmmenenses D 1L
Xiv



Figure 6.1 Flow chart of differential protection scheme..........c.cocciiiiiii i 0 D O

Figure 6.2 MATLAB design of proposed system in Simulink enViroNmMent ........c.eeeerermneessesseesssessssesssssssssesssessens 57
Figure 6.3 Differential 1elay DIOCK ......coceeceeeesressesssessssessssssssesssssessssessssssssssssssssessssssssssssssessssssssssessssssssssesssssessas 58
Figure 6.4 CoOmMParator DIOCK ... sssssssssssssss s sssss s sssssssssss s sssssssssss s ssssssssssesssssssses 59
Figure 6.5 AMplitude COMPATator DIOCK ... eeeuureeeuseesssseesssseesssssesssssssessssssssssssssesssssssessssssssssssssessssssesssssssssssssessssssesess 59
Figure 6.6 CT DlOCK CONTENLES....ccuurereermeresreesssesssseesssssssssesssessssssessssssssessssssssssesssssssssssess 61
Figure 7.1(a) Phase A to ground_loaded trip SIZNAl.......ceeerresmesssesssssseessssssssssssesssssssesssssssssssssssssssssesssssnnns 63
Figure 7.1(b) Phase A to ground_unloaded trip SIGNAL .......oreeueesseesssseessssesessssseesssssesssssssssssssessssssessssssessssssssssssssssssssns 63
Figure 7.2(a) Phase A to B_loaded trip SIZNAl ......crremerssssisssssssssssssssssssssssssssssessssssessssessssssssssssssessssns 64
Figure 7.2(b) Phase A to B_uloaded trip SIZNAl .....c.crereerieiseessssssssssesssssssssssssesssssssesssssssesssssessssssssssssssessssns 64
Figure 7.3(a) Phase A to phase B to ground_loaded trip SIgNal .....resnssssesssssssssssssssssssssssssssssssens 65
Figure 7.3(b) Phase A to phase B to ground_uloaded trip sighal ......cceereernneeessneenns .65
Figure 7.4(a) Three phase to ground_loaded trip SIZNal.....eermeesmmeessssssssssssssesssssssssessssssssssssssssessssssssseses 66
Figure 7.4(b) Three phase to ground_uloaded trip SIGNAl......rrsesssssssesssssss s ssssessssssssssens 66
Figure 7.5(a) Three phase_0aded trip SIZNAl .....oereeeeseesseesssseesssssessssssssssssssesssssssessssssessssssessssssssssssssesssssns 67
Figure 7.5(b) Three phase _uloaded trip SIZNA ......coeermrreemmmreesmsseesssssesssssssssssssssssssssesssssssssessssssssssessssssssnns 67
Figure 7.6(a) Three Phase external fault_loaded trip SIZNal ....isssssssssssssssssssssssssssssssssens 68
Figure 7.6(b) Three Phase external fault_uloaded trip SIZNAL .....ccoereereesmesssneessssessssssesssssessssssessssssssssssessssssssssssns 68
Figure 7.7(a) External fault_uloaded trip SIGNal.......ceerereesiesssssssssssssssssssssssessssssssssssssssssssesssssssssssssesssssns 69
Figure 7.7(b) External fault_loaded trip SIZNal......coiemrreieessesssssessssssssssssssessssssesssssssssssssesssssssesssssssssssens 69
Figure 7.8 Constant added in design to restrain on saturation condition ... .70
Figure 7.9 External fault_loaded trip SIZNAl ....rereiessssssesssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssesess 70
Figure A.1 IEEE Power Systems Relaying Committee’s CT saturation data...........cceceeersiiiiiciiniin s, 76
Figure B.1 Circuit Dreaker ParameterS. ... oo ettt s e ene et s s er e sae s e b e se s e e nen e i
Figure B.2 Three-phase programmable VOItage SOUICE..........coiiirireiniiienisisi sttt st et e s e e s 77
Figure B.3 Three phase INPUE CUITENTS ... .o e e e e e s re s sresre e eae e e s e e ee e e en s s nnn s 78
Figure B.4 CTS CUITENTS ..oiiiiii ittt s s e b s b b st h b s s bbb bas e b s b b sbe s 78
Figure B.5 Increase in three phases due to the fault.........ccoooiiiiiiii i 79
Figure B.6 OULPUL Of COMPATATOT ... ..cciiui ittt st sttt s e s s s b s s s se st ea e s s s s saens e ans s 79

XV



List of Tables

Table 7.1 Phase A to ground internal fault CONdition........ccveviriieiririne e e e 63
Table 7.2 Phase A to B internal fault CONdition........cocoii i e e 64
Table 7.3 Phase A to B to ground internal fault condition..........cccuviiiiiniiciiic i e e 05
Table 7.4 Three phase to ground internal fault cCONAitioN.........ccoccvniiiciirice i e 1000
Table 7.5 Three phase internal fault CONAItION .......cuviiiiiiiiii e s 67
Table 7.6 Three phase external fault CONAITION .......ccoceiiiiiiiiii i e e st s e ee et 68

Table 7.7 Three phase external fault With CT (current transformer) saturation condition...........c.ccoecevercuvvnerinnn

Table 7.8 ReSUILS fOT All LESTEA CASES .vuuiiiiiiiiiiiiee it ee e ite s et e s sbeseb e sas e sbesebeesasbe sheses shssen sbesebanesbaen sanbesnnesrsnnesns

XVi



List of Abbreviations

PSP Power system protection

PSO Power system operation and control
CT Current transformer

PT Potential tansformer

IEEE Institute of Electrical and Electronics Engineers
EHV Extra high voltage

OLTC On—load tap—changer

AC Alternating Current

DC Direct Current

HVDC High voltage direct current

HVAC High voltage alternative current
PST Phase shift transformer

EMTP Electro-Magnetic Transients Program

XVii



