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ABSTRACT 

 

 

A power transformer is one of the most important and expensive components in any power 

system.  Power transformers can be exposed to a wide variety of abnormal conditions and faults.  

Internal turn-to-turn faults are the most difficult types of faults to detect within the power 

transformer.  The IEEE Standards documents have revealed that there is no one standard way to 

protect all power transformers against minor internal faults such as turn-to-turn faults and at the 

same time to satisfy basic protection requirements: sensitivity, selectivity, and speed.   

 

This thesis presents a new, simple and efficient protection technique which is based on negative 

sequence currents.  Using this protection technique, it is possible to detect minor internal turn-to-

turn faults in power transformers.  Also, it can differentiate between internal and external faults.  

The discrimination is achieved by comparing the phase shift between two phasors of total 

negative sequence current.  The new protection technique is being studied via an extensive 

simulation study using PSCAD®/EMTDCÊ 
1 

software in a three-phase power system and is 

also being compared with a traditional differential algorithm.   

 

Relay performance under different numbers of shorted turns of the power transformer, different 

connections of the transformer, different values of the fault resistances, and different values of 

the system parameters was investigated.  The results indicate that the new technique can provide 

a fast and sensitive approach for identifying minor internal turn-to-turn faults in power 

transformers.  

 

 

 

 

 

 

1 PSCAD®/EMTDCTM : Trademark of the Manitoba HVDC Research Centre. 



iii  

 

 

ACKNOWLEDGEMENTS  

 

 

I would like to express my sincere gratitude to my supervisor, Dr. Ramakrishna Gokaraju, for his 

guidance, supervision and suggestions.   

 

I also wish to express my sincere thanks to Dr. M. Ramamoorty, Former Director-General, 

Central Power Research Institute, India and Dr. Neelima Tambey, Crompton Greaves Limited 

for providing the initial literature and guidance for pursuing this research project. 

   

I also would like to thank Mr. Juan Carlos Garcia and Dr. Dharshana Muthumuni for their help 

and guidance related to transformer modeling in PSCAD/EMTDC.  

 

I specially would like to express my deepest gratitude to Donald Robinson who was with me 

from start to finish.  Thank you very much for your support, guidance, help, and encouraging me 

throughout my studies at the University of Saskatchewan.     

 

Also, I am very grateful to one of my colleagues, Mohamed El-Samahy, my one-of-a kind 

mentor and dear friend who will never be forgotten.  Thank you very much for many useful 

discussions I had with you.  I would also like to thank all my colleagues in the Electrical and 

Computer Engineering Department.   

 

Many Thanks to my amazing friends Mariya, Olga, Alex, Nelya, Stacey, Iryna, Anastasiya, 

Olga, Andriy, Tetyana and so many thanks to others, especially to Ellen, Voula and John.  

 

Finally, I would like to express heartfelt appreciation to my parents, Oksana and Mykhailo, and 

my brother Vasyl for all their love, patience, understanding and support throughout my years of 

studies.  

 



iv 

 

 

DEDICATION 

 

 

This thesis is dedicated to my parents, Oksana and Mykhailo, who have raised me to be the 

person who I am now.  Also, this thesis is dedicated to Donald Robinson, who believed in me, 

inspired me and has supported me all the way from the beginning of my graduate studies.   

 

Thank you for all your support, guidance, love and help.     

 

  



v 

 

 

TABLE OF CONTENTS  

                                    

                  

                                                                                                                                                   Page 

PERMISSION TO USEééééééééééééééééééééééééé... i 

ABSTRACTéééééééééééééééééé.ééééééééééé..... ii  

ACKNOWLEDGEMENTS ééééééééééé.éééééééééé...é.... iii  

DEDICATION ééééééééééééééééééééééééééééé. iv 

TABLE OF CONTENTSéééééééééééé..éééééééééé..é.... v 

LIST OF FIGURESééééééééééééé..éééé.ééééééééé.. ix 

LIST OF TABLESéééééééééééééééééé.ééééé...ééé... xvi 

LIST OF SYMBOLS AND ABBREVITIONS éééééééééééééééé. xvii i 

  

CHAPTER 1 INTRODUCTION ééééééééééééééééé.éééé... 1 

   1.1 Introduction to the power transformerééééééééééééééééé...... 1 

         1.1.1 Principles of the power transformeréééééééééé..éééé...é.... 2 

         1.1.2 Types of transformer failuresééééééééééééééééééé... 5 

   1.2 Transformer internal turn-to-turn faultséééééééééééééééé.é.. 6 

   1.3 Literature reviewéééé.éééééééééééééééé..ééééé.... 12 

   1.4 Objectives of the research ééééééééééééééééééééé.é... 17 

   1.5 Outline of the thesiséééééééééééééééééééééééé...... 17 

  

  



vi 

 

CHAPTER 2 UNSYMM ETRICAL FAULTS ...ééééééééééééééé.... 19 

   2.1 Symmetrical componentsééééééééééé...éééééééééé.é.. 19 

   2.2 Sequence impedances for the power transformerééééééééééééé...... 24 

   2.3 Sequence networks connections and symmetrical components for various types of        

         common faultsééééééééééééééééééééééééééé... 

 

27 

   2.4 Sequence network connections and symmetrical components for turn-to-turn faults  

        in power transformerséééééééééééééééé.éééééééé.... 

 

30 

   2.5 Summaryééééééééééééééééééééééééééééé... 35 

  

CHAPTER 3 SENSETIVE TURN-TO-TURN FAULT DETECTION USING 

NEGATIVE SEQUENCE CURRENTSééééééééééééééééééé. 

      

36 

   3.1 Introduction to the new transformer protection methodééééé.ééééé...... 36 

         3.1.1 Flow of the negative sequence currents for transformer external faultsééé.. 37 

         3.1.2 Flow of the negative sequence currents for transformer internal faultsééé... 38 

   3.2 The description of the new negative sequence current based protection methodéé. 38 

   3.3 Summaryééééééééééééééé.éééééééééé..éé.é... 41 

  

CHAPTER 4 PSCAD/EMTDC MODELNG OF THE POWER TRANSFORMER 

AND THE DIFFERENTIAL RELAY ééééééééééééééééééé....     

 

42 

   4.1 Tools required to model the power system and relaysééééééééééé...... 42 

   4.2 The modeled power systeméééééééééééééééééé.éé....é. 42 

         4.2.1 Voltage sourceséééééééééééééééééééééé..éé.. 43 

         4.2.2 Circuit breakers é.é.ééééééééééééééééééé..éé... 43 

         4.2.3 Current transformerséééééééééééééééééééé..éé.. 44 

         4.2.4 Power transformer model for simulating internal turn-to-turn faults é..ééé 45 



vii  

 

                  4.2.4.1 The calculation of the leakage reactance of the power transformeré.... 47 

   4.3 Modeling differential relays in PSCAD/EMTDCÊéééééééééééé..... 48 

         4.3.1Traditional differential protection methodéééééééééé..éééé.. 49 

                 4.3.1.1 The percentage differential slopeééééééééééé..ééé.... 49 

        4.3.2 Description of the negative sequence currentsô fault detection component éé. 51 

   4.4 Summaryéééééééééééééééééééé.ééééé...ééé... 54 

  

CHAPTER 5 TEST RESULTS éééééééééééééééééééé.éé. 56 

   5.1 Introductionééééééééééééééééééééééééééé..é. 56 

   5.2 Performance of the traditional differential protectionééééééééééé..é. 56 

         5.2.1 Differential current versus restraining currentééééééééééé.....é 57 

         5.2.2 Primary and secondary phase currents during internal turn-to-turn faultséé.. 61 

   5.3 Performance of the proposed method for internal turn-to-turn faultsééééé...... 68 

         5.3.1  Turn-to-turn faults on the secondary winding of the power transformer  

                   connected in Y-Yéééééééééé.ééééééééé..éééé.. 

 

68 

                   5.3.1.1 Sensitivity analysis of the proposed relay for turn-to-turn faults on the  

                               secondary winding (Y-Y)ééééééééééééééé..éé.. 

 

77 

         5.3.2 Turn-to-turn faults on the primary winding of the power transformer   

                  connected in Y-Yéééééééééé.ééééééééé...éééé.. 

 

80 

                  5.3.2.1 Sensitivity analysis of the proposed relay  for turn-to-turn faults on the  

                              primary winding (Y-Y)éééééééééééé.ééééé.é.. 

 

87 

   5.4 Performance of the proposed method for external faultsééééééééééé.. 89 

         5.4.1 External phase B-to-ground fault on the high voltage side of the power  

                  transformeréééééééééé..éééééééééééééééé. 

 

90 

         5.4.2 External phase B-C fault on the low voltage side of the power               



viii  

 

                  transformeréééééééééééééééééééééééééé... 92 

   5.5 Performance of the proposed method for small unbalances in the power systemé.... 95 

   5.6 Performance of the proposed method during the CT saturationéééééééé... 98 

          5.6.1 CT saturation during turn-to-turn faultsééééééééééé...ééé... 98 

          5.6.2 CT saturation during other miscellaneous internal faultséééééééé....  99 

   5.7 Performance of the proposed method during inrush currentéé.ééééééé.... 105 

   5.8 Summaryééééééééééééééééééééééééé..é...éé.. 106 

  

CHAPTER 6 SUMMARY AND CONCLUSIONSéééééééééééééé...     108 

   6.1 Summaryééééééééééééééééééééééééééé.éé..     108 

   6.2 Conclusionééééééééééééééééééééééééééé.é....      109 

   6.3 Contributionééééééééééééééééééééééééééé.é. 109 

   6.4 Future workééééééééééééééééééééééééééé.é..      110 

  

REFERENCESééééééééééééééééééééééééééééé.    111 

  

APPENDIX A.  DATA AND PARAMETERS OF THE MODELED POWER 

SYSTEMéééééééééééééééééééééééééééééééé     

   

115 

  

APPENDIX B.  PERFORMANCE OF THE PROPOSED METHOD FOR ȹ-Y 

TRANSFORMERéééééé.éééééééééééééééééééé...é.       

   

118 

 

 

 

 

 



ix 

 

 

LIST OF FIGURES 

 

                                                                                 

                                                                                                                                                   Page 

Figure 1.1  The ideal transformerééééééééééééééééééé...  3 

Figure 1.2  The single-phase, two winding transformerééééééééééé.  7 

Figure 1.3  The ampere-turn-balance principleéééééééééééééé..  7 

Figure 1.4  Percentage differential relayééééééééééééééééé.  9 

Figure 1.5  Failure of transformer by shorted turnsééééééééééééé 14 

Figure 2.1  Unbalanced current phasorsééééééééééééééééé.  19 

Figure 2.2  Positive sequence componentsééééééééééééééé.é  19 

Figure 2.3  Negative sequence componentsééééééééééééééé...  20 

Figure 2.4  Zero sequence componentséééééééééééééééé..é  20 

Figure 2.5  Positive sequence components expressed in terms of phase A   

quantitiesééééééééééééééééééééééé..é  

 

21 

Figure 2.6  Negative sequence components expressed in terms of phase A 

quantitiesééééééééééééééééééééééé..é  

 

21 

Figure 2.7  Zero sequence components expressed in terms of phase A 

quantitiesééééééééééééééééééééééé..é  

 

21 

Figure 2.8  Sum of sequence componentsééééééééééééééé..é  22 

Figure 2.9  The equivalent zero sequence circuit for Y-Y connections  

with both neutrals groundedééééééééééééééééé. 

 

25 

Figure 2.10  The equivalent zero sequence circuit for Y-Y connections 

with the primary neutral grounded and the secondary  

neutral isolatedéééééééééééééééééééééé. 

 

 

25 

Figure 2.11  The equivalent zero sequence circuit for æ-æconnectionsééééé.. 26 

Figure 2.12  The equivalent zero sequence circuit for Y-æ connections 

with neutral groundedééééééééééééééééééé.. 

 

26 

 



x 

 

Figure 2.13  The equivalent zero sequence circuit for Y-æ connections  

with neutral isolatedéééééééééééééééééééé. 

 

27 

Figure 2.14  The sequence connection for phase-to-ground faultééééééé... 28 

Figure 2.15  The sequence connection for phase-to-phase faultéééééééé..  29 

Figure 2.16  The sequence connection for phase-to-phase-to-ground faultééé.é 29 

Figure 2.17  Shunt unbalance with a shorted turn in phase Aééééééééé.. 30 

Figure 2.18  Sequence network for a turn-to-turn fault in phase Aééééééé.. 31 

Figure 2.19  Phase currents and negative sequence currents during the steady state 

condition and during the fault for 5% of shorted turnsééééééé 

 

32 

Figure 2.20  Phase currents and negative sequence currents during the steady state 

condition and during the fault for 3% shorted turnséééééé.é... 

 

32 

Figure 2.21  Phase currents and negative sequence currents during the steady state 

condition and during the fault for 1% shorted turnséééé..ééé... 

 

33 

Figure 3.1  Flow of negative sequence currents for transformer external faulté..é                                                                                         37 

Figure 3.2  Flow of negative sequence currents for transformer internal faultéé.. 38 

Figure 3.3  Negative sequence current based logicééééééééé..éé..é 39 

Figure 4.1  Simulated power system modeléééééééééééééééé 42 

Figure 4.2  The voltage source component modelééééééééééééé. 43 

Figure 4.3  The circuit breaker component modelééééééééééééé. 44 

Figure 4.4  The current transformer component modelééééééééééé. 44 

Figure 4.5    A single phase transformer with a turn-to-turn fault on secondary 

  winding éééééééééééééééééééé...ééé.... 

 

45 

Figure 4.6  A graphic representation of a single phase transformer with internal 

turn-to-turn faultsééééééééééééééééééééé. 

 

47 

Figure 4.8    Magnitudes and phase angles of sequence components produced  

by FFT blocks éééééééééééééééééééééé. 

 

52 

Figure 4.9  Comparison of negative sequence currents with a pre-set levelééé.. 53 

Figure 4.10   Phase angle comparison between two phasors of negative 

  sequence currentsééééééééééééééééééééé. 

 

54 

 

 



xi 

 

Figure 5.1    Internal turn-to-turn fault on the secondary winding of the 

  power transformerééééééééééééééééééééé. 

 

57 

Figure 5.2    Traditional differential relay response when 25% of turns are shorted... 58 

Figure 5.3    Traditional differential relay response when 15% of turns are shorted... 58 

Figure 5.4    Traditional differential relay response when 10% of turns are shorted... 59 

    Figure 5.5    Traditional differential relay response when 5% of turns are shortedé. 60 

Figure 5.6    Traditional differential relay response when 3% of turns are shortedé. 60 

Figure 5.7    Traditional differential relay response when 1% of turns are shortedé. 61 

Figure 5.8    Phase currents on both sides when 25% of turns are shortedééé..é. 62 

Figure 5.9    Phase currents on both sides when 15% of turns are shortedééé...é 63 

Figure 5.10    Phase currents on both sides when 10% of turns are shortedééé..é. 64 

Figure 5.11    Phase currents on both sides when 5% of turns are shortedééééé.    65 

Figure 5.12    Phase currents on both sides when 3% of turns are shortedééééé. 66 

Figure 5.13    Phase currents on both sides when 1% of turns are shortedéééé.é 67 

Figure 5.14  Negative sequence current magnitudes for 25% shorted turns on 

secondary (Y-Y)éééééééééééééééééé.....éé.. 

 

69 

Figure 5.15    Negative sequence current magnitudes for 15% shorted turns 

  on secondary (Y-Y)éééééééé...éééééé..éééé..... 

 

69 

Figure 5.16    Negative sequence current magnitudes for 10% shorted turns  

  on secondary (Y-Y)ééééééééééé.éééééééé..... 

 

69 

Figure 5.17    Negative sequence current magnitudes for 5% shorted turns  

  on secondary (Y-Y)éééééééééé.éééééééé.é.... 

 

70 

Figure 5.18    Negative sequence current magnitudes for 3% shorted turns 

  on secondary (Y-Y)ééééééééééé.ééééééé.é.... 

 

70 

Figure 5.19    Negative sequence current magnitudes for 1% shorted turns 

  on secondary (Y-Y)éééé..ééééééé...éééééé..é... 

 

70 

Figure 5.20    Zooming in on negative sequence current magnitudes for 25%  

  shorted turns on secondary (Y-Y)éééééééé.ééééé....é 

 

71 

Figure 5.21    Zooming in on negative sequence current magnitudes for 15%  

  shorted turns on secondary (Y-Y)ééééééééééééé....é 

 

71 

 



xii  

 

Figure 5.22    Zooming in on negative sequence current magnitudes for 10%  

  shorted turns on secondary (Y-Y)ééééééééééééé.....é 

 

  72 

Figure 5.23    Zooming in on negative sequence current magnitudes for 5%  

  shorted turns on secondary (Y-Y)éééééééé.ééééééé 

 

72 

Figure 5.24    Zooming in on negative sequence current magnitudes for 3% 

  shorted turns on secondary (Y-Y)ééééééééééé..éé..é 

 

72 

Figure 5.25    Zooming in on negative sequence currents magnitudes for 1%  

  shorted turns on secondary (Y-Y)ééééééééééé..éé...é 

 

73 

Figure 5.26    Phase angle comparison between two negative sequence currents  

  for 25% shorted turns on secondary (Y-Y)ééé.éééééééé.. 

 

73 

Figure 5.27    Phase angle comparison between two negative sequence currents  

  for 15% shorted turns on secondary (Y-Y)éééé........................é... 

 

74 

Figure 5.28    Phase angle comparison between two negative sequence currents  

  for 10% shorted turns on secondary (Y-Y)ééé..éééééé.....é 

 

74 

Figure 5.29    Phase angle comparison between two negative sequence currents  

  for 5% shorted turns on secondary (Y-Y)éé...éééééééé..é 

 

74 

Figure 5.30    Phase angle comparison between two negative sequence currents  

  for 3% shorted turns on secondary (Y-Y)éééé..é..ééééé..... 

 

75 

Figure 5.31    Phase angle comparison between two negative sequence currents  

  for 1% shorted turns on secondary (Y-Y)éééé..é.....................é. 

 

75 

Figure 5.32  Trip signal from the proposed relay for 25% shorted turns  

shorted turns on secondary (Y-Y)éééééééé.éééé...éé 

 

76 

Figure 5.33  Trip signal from the proposed relay for 15% shorted turns shorted turns 

on secondary (Y-Y)éééééééééééééééééé..éé 

 

76 

Figure 5.34  Trip signal from the proposed relay for 10% shorted turns shorted turns 

on secondary (Y-Y)éééééééééééééééééé.é.é 

 

76 

Figure 5.35  Trip signal from the proposed relay for 5% shorted turns shorted turns 

on secondary (Y-Y)ééééééééééééééééé..ééé 

 

76 

Figure 5.36  Trip signal from the proposed relay for 3% shorted turns shorted turns 

on secondary (Y-Y)ééééééééééé...éééééé...éé 

 

77 

 



xiii  

 

Figure 5.37  Trip signal from the proposed relay for 1% shorted turns shorted turns 

on secondary (Y-Y)ééééééééééé...ééééééé...é 

 

77 

Figure 5.38  Negative sequence current magnitudes for 25% shorted turns on 

primary (Y-Y) ééé.éééééééééééé..é.................é. 

 

81 

Figure 5.39    Negative sequence current magnitudes for 15% shorted turns on 

  primary (Y-Y) ééé.éééééééééééé..é.................é.. 

 

81 

Figure 5.40    Negative sequence current magnitudes for 10% shorted turns on  

  primary (Y-Y) ééé.éééééééééééé..ééééé..é. 

 

82 

Figure 5.41    Negative sequence current magnitudes for 3% shorted turns on 

  primary (Y-Y) ééé.ééééééééé.ééé..é...éééé... 

 

82 

Figure 5.42    Negative sequence current magnitudes for 1% shorted turns on  

  primary (Y-Y) ééé.éééééééééééé..é.................é. 

 

82 

Figure 5.43    Zooming in on negative sequence current magnitudes for 25%  

  shorted turns on primary (Y-Y) ééééééééééééé...éé 

 

83 

Figure 5.44    Zooming in on negative sequence current magnitudes for 15% 

  shorted turns on primary (Y-Y) ééééééééééééé...éé 

 

83 

Figure 5.45    Zooming in on negative sequence current magnitudes for 10% 

  shorted turns on primary (Y-Y) éééééééééééééé...é 

 

84 

Figure 5.46    Zooming in on negative sequence current magnitudes for 3%  

  shorted turns on primary (Y-Y) éééééééééééééé...é 

 

84 

Figure 5.47    Zooming in on negative sequence current magnitudes for 1% 

  shorted turns on primary (Y-Y) ééééééé..ééééé..é...é 

 

84 

Figure 5.48    Phase angle comparison between two negative sequence currents  

  for 25% shorted turns on primary (Y-Y)éééééé..ééééé.... 

 

85 

Figure 5.49    Phase angle comparison between two negative sequence currents  

  for 15% shorted turns on primary (Y-Y)ééééé...ééééé..é. 

 

85 

Figure 5.50    Phase angle comparison between two negative sequence currents  

  for 10% shorted turns on primary (Y-Y)éééééé.....................é. 

 

86 

Figure 5.51    Phase angle comparison between two negative sequence currents  

  for 3% shorted turns on primary (Y-Y)ééé...éé..éééééé. 

 

86 

 



xiv 

 

Figure 5.52    Phase angle comparison between two negative sequence currents  

  for 1% shorted turns on primary (Y-Y)éééé.....éééééé..é. 

 

86 

Figure 5.53  Phase currents on both sides of the power transformer for   

external phase B-to-ground fault on HV sideééééééééé..é 

 

91 

Figure 5.54  Negative sequence current magnitudes for external phase  

B-to-ground fault on HV sideéééééééééé...é..ééé..é 

 

91 

Figure 5.55  Phase angle between two phasors of negative sequence currents 

for external phase B-to-ground fault on HV sideé..éééé...é.. 

 

92 

Figure 5.56  Output signal from the proposed technique for external phase B-to-

ground fault on HV side éééééééééééééééééé.. 

 

92 

Figure 5.57  Phase currents on both sides of the power transformer for external 

phase B-C fault on LV sideééééééééééé.éééé...é.. 

 

93 

Figure 5.58  Negative sequence current magnitudes for external phase B-C fault on 

LV sideéééééééééééééééééééééééé.é 

 

94 

Figure 5.59  Phase angle between two phasors of negative sequence currents  

for external phase B-C fault on LV sideéééééééééé.éé. 

 

94 

Figure 5.60  Output signal from the proposed technique for external phase B-C fault 

on LV sideéééééééééééééééééééééé.é.. 

 

95 

Figure 5.61  N  Negative sequence current magnitudes during a small unbalance in  

     the power systeméééééééééé...éééééééé...éé 

 

96 

Figure 5.62  P   Phase angle between two phasors of negative sequence currents 

     during a small unbalance in the power systemééééé...éééé.. 

 

97 

Figure 5.63  T  Output signal from the proposed  technique  for a small unbalance in 

  t  the power systemééééééééééééééééééééé. 

 

97 

Figure 5.64  S   Secondary currents produced by CT for of non-saturated  and  

     saturated CT casesééééééééééééééééééééé 

 

101 

Figure 5.65  P   Negative sequence current magnitudes for  internal phase B-C 

     fault for non-saturated and saturated CT caseséééééééééé 

 

102 

Figure 5.66  P   Phase angle between two phasors of negative sequence currents for  

     phase B-C fault for non-saturated and saturated CT caseséééé.é. 

 

103 

 



xv 

 

Figure 5.67  T  Output signal from the proposed technique  for phase B-C fault for   

     non-saturated and saturated CT casesééééééééééé.é..... 

 

104 

Figure 5.68  l    Negative sequence currents magnitudes during inrush current  

     phenomenonééééééééééééééééé.é.......é.é.... 

 

105 

Figure 5.69  Phase angle between two phasors of negative sequence currents  

during inrush current phenomenonééééééééééé.ééé. 

 

106 

Figure 5.70  Output signal from the proposed technique during inrush currenté....... 106 

Figure B.1  N  Negative sequence current magnitudes for 5% shorted turns on  

     secondary (ȹ-Y)éééééééééééééé..éééé...éé.. 

 

118 

Figure B.2  N  Negative sequence current magnitudes for 3% shorted turns on  

     secondary (ȹ-Y)ééééééééééééééé...éééé..é.. 

 

119 

Figure B.3  N  Negative sequence current magnitudes for 1% shorted turns on  

     secondary (ȹ-Y)ééééééééééééééé..........éé.éé 

 

119 

Figure B.4    Phase angle comparison between two negative sequence currents   

     for 5% shorted turns on secondary (ȹ-Y) with 30º phase shift ééé.. 

 

120 

Figure B.5   Phase angle comparison between two negative sequence currents   

  for 3% shorted turns on secondary (ȹ-Y) with 30ºphase shift éééé 

 

120 

Figure B.6    Phase angle comparison between two negative sequence currents   

  for 1% shorted turns on secondary (ȹ-Y) with 30º phase shiftéééé 

 

121 

Figure B.7    Phase angle comparison between two negative sequence currents   

  for 5% shorted turns on secondary (ȹ-Y) without 30º phase shift..é..... 

 

121 

Figure B.8    Phase angle comparison between two negative sequence currents   

  for 3% shorted turns on secondary (ȹ-Y) without 30º phase shift éé.. 

 

122 

Figure B.9    Phase angle comparison between two negative sequence currents   

  for 1% shorted turns on secondary (ȹ-Y) without 30º phase shiftéé... 

 

122 

 

 

 

 

 



xvi 

 

 

LIST OF TABLES  

 

 

                                                                                                                                                   Page 

Table 2.1  Magnitudes of the phase currents and  negative sequence currents 

during steady state condition and during an internal turn-to-turn fault 

for 5% shorted turnséééééééééééééééééééé. 

 

 

34 

Table 2.2  Magnitudes of the phase currents sand negative sequence currents 

during steady state condition and during an internal turn-to-turn fault 

for 3% shorted turnséééé..éééé..ééééééééééé.    

 

 

34 

Table 2.3  Magnitudes of the phase currents  and negative sequence currents 

during steady state condition and during an internal turn-to-turn fault 

for 1% shorted turnsééé..éééééé.éééééééééé.. 

 

 

34 

Table 5.1  T  Turn-to-turn fault on the secondary winding of the power  

     transformer connected in Y-Y for various percentages of  

     shorted turns (Rf = 0Ý)ééééééééé...éééééééé.é.      

 

 

78 

Table 5.2  T  Turn-to-turn fault on the secondary winding of the power  

     transformer connected in Y-Y for various percentages of  

shorted turns (Rf = 1Ý)ééééééééééééééééé....é.      

 

 

79 

Table 5.3  R  Results using different system parameter values (Y-Y transformer, 

     turn-to-turn fault applied on the secondary winding)ééééé...é...   

 

80 

Table 5.4  T  Turn-to-turn fault on the primary winding of the power  

     transformer connected in Y-Y for various percentages of  

     shorted turns (Rf = 0Ý)ééééééééééééééééé.é....      

 

 

87 

Table 5.5  T  Turn-to-turn fault on the primary winding of the power  

     transformer connected in Y-Y for various percentages of  

     shorted turns (Rf = 1Ý)ééééééééééééééééééé.      

 

 

88 

    



xvii  

 

Table 5.6  R  Results using different system parameter values (Y-Y transformer, 

     turn-to-turn fault applied on the primary winding)ééééééé......   

 

89 

Table 5.7  P  Phase currents due to a small unbalanceéééééééééééé.. 96 

Table A.1  P  Parameters of source 1éééééééééééé..éééééé... 115 

Table A.2  P  Parameters of source 2éééééééééééé..ééééééé 115 

Table A.3  P  Parameters of CT on primary sideéééééééééééé..éé.. 115 

Table A.4  P  Parameters of CT on secondary sideéééééééééééé..é.. 115 

Table A.5  P  Parameters of a single phase power transformerééééééééé.. 116 

Table A.6      Leakage reactance of a single phase transformer for internal turn-to- 

    turn fault on secondary winding of the power transformerééééé.. 

 

116 

Table A.7  L  Leakage reactance of a single phase transformer for internal turn-to- 

    turn fault on primary winding of the power transformeréééééé.. 

 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii  

 

LIST OF SYMBOLS AND ABBREVIATIONS  

 

                                                                                                                                                    

IEEE  The Institute of Electrical and Electronics Engineers     

PSCAD  Power Systems Computer Aided Design  

EMTDC  The Electromagnetic Transient Program   

DC  Direct current     

AC  Alternating current   

HV  High voltage  

LV  Low voltage  

kVA  Kilo  Volt Ampere      

MVA     Mega Volt Ampere      

f    Frequency   

Hz  Hertz     

io  Excitation current  

ū    The mutual flux in the transformerôs core     

Vp    The primary voltage of the transformer  

Ep  The voltage at the primary terminal of the transformer   

Vs     The secondary voltage of the transformer   

Np  The number of turns in the primary coil of the transformer    

Ns  The number of turns in the secondary coil of the transformer  

ʌmax  The maximum value of the flux   

ɤ  Angular frequency   

RMS  Root mean square  

Ip   The primary current  

Is    The secondary current  

Nx  Number of shorted turns  

Ix                                              The additional current component caused by the induced voltage in  the short 

circuited turns  

 

CT  Current transformer   



xix 

 

RC  Restraining coil  

OP  Operating coil  

DWT  Discrete wavelet transform  

ANN  Artificial neural network   

Ia    Current of phase A   

Ib    Current of phase B   

Ic   Current of phase C   

I1   Positive sequence current   

I2   Negative sequence current   

I0   Zero sequence current   

IN  Neutral current  

a  phasor operator equal to 120 degree   

ὃ   The inverse matrix  

Z1  Positive sequence impedance    

Z2  Negative sequence impedance   

Z0  Zero sequence impedance   

Zf  Fault impedance   

Zl  Leakage impedance  

Vf  The pre fault voltage   

Za  Impedance of phase A  

Zb  Impedance of phase B  

TR    Transformer   

ZNS_S1, ZNS_S2  The negative sequence impedances for the equivalent sources S1 and S2     

ENS  Fictitious negative sequence source  

INS_P, INS_S  The negative sequence currents on the primary and secondary side of TR  

INS_P'  The negative sequence current transformed from the fault side to the other side 

of TR 

 

INS_P , INS_S                                   The negative sequence currents on the primary and secondary side of TR scaled 

down using CTs   

 

FFT    Fast Fourier Transform   



xx 

 

Imin  The minimum pre-set level   

S1,S2                                   Voltage sources   

BRK  Circuit breaker   

V    Line-to-ground, peak voltage magnitude   

S  The maximum load   

L1  self-inductance in the primary winding  

La, Lb, Lc  self-inductance of sub coils ñaò, ñbò and ñcò  

M1a , M1b, M1c  mutual inductance between primary winding and sub coils ñaò, ñbò and ñcò  

Mab , Mac, Mbc  mutual inductance between sub coils ñaò, ñbò and ñcò  

N  Number of turns of the winding   

l                              The mean length of the magnetic circuit    

ɛ0  The permeability   

Ag                             Cross-sectional area of core   

L  Inductance   

Id  Differential current   

K  Compensation factor  

Ir   Restraint current   

SLP    The slope of the percentage differential characteristic   

TTC  Transformer tap changing  

M  The percentage of the currentôs mismatch  

IL, IH                        Relay input currents at the same kVA base for low and high  

voltage sides respectively  

 

TL, TH                      Relay tap settings for low and high voltage sides respectively   

Mag+                     Positive sequence magnitude component   

Mag-                     Negative sequence magnitude component  

Mag0                   Zero sequence magnitude component  

Ph+                        Positive sequence phase component  

Ph-                        Negative sequence phase component  

Ph0                     Zero sequence phase component  

 

 

 



xxi 

 

IA1, IB1, IC1           Phase currents on the primary side of the power transformer in phase A, B, and 

C respectively 

 

IA2, IB2, IC2           Phase currents on the secondary side of the power transformer in phase A, B, 

and C respectively 

 

ISA1, ISB1, ISC1           Secondary phase currents produced by CTôs on the primary side of the power 

transformer in phase A, B, and C respectively 

 

ISA2, ISB2, ISC2           Secondary phase currents produced by CTôs on the secondary side of the 

power transformer in phase A, B, and C respectively 

 

INS_P_ph                     Phase angle of the negative sequence current on the primary side of TR is  

output from FFT block   

 

INS_S_ph                     Phase angle of the negative sequence current on the secondary side of TR is  

output from FFT block 

 

LCUR                      Line current unbalance ratio 

RTDS Ê 
2 
              Real Time Digital Simulator 

 

  

 

 

 

 

 

 

 

 

 

 
2 Registered trademark of RTDS Technologies, Winnipeg, Canada.  



1 

 

CHAPTER 1 

INTRODUCTION  

 

1.1 Introduction to the power transformer  

 

One of the most important and complex systems that has been built by human civilization is the 

power system.  The electric power system plays a key role in modern society.  One of the most 

important components of any power system is the power transformer. 

 

The development of the first power transformer significantly changed transmission and 

distribution systems.  Before the power transformer was invented in 1885 by William Stanley, 

power was produced and distributed as direct current (DC) at low voltage.  The use of electricity 

was only limited to urban areas because of voltage drop in the lines.  Also, the use of DC voltage 

would require the supply voltage to be the same as the supply voltage required by all electrical 

equipment connected to the power system.  However, it is quite difficult to transform DC power 

to a lower current and high-voltage form efficiently.  The alternating current (AC) system is able 

to overcome the limitation of the DC system and distributes electricity efficiently over long 

distances to consumers.  The use of the AC system allows the use of a multi-voltage level energy 

delivery system.  The AC power, generated at a low voltage, can be stepped up by using the 

power transformer for the transmission purpose to higher voltage and lower current.  Thus, 

voltage drops and transmission energy losses can be reduced.   

 

The transformer is the link between the generator of the power system and the transmission lines.  

A power transformer is defined in reference [1] as  a static piece of apparatus with two or more 

windings which by electromagnetic induction, transforms a system of alternating voltage and 

current into another system of voltage and current usually of different values and at the same 

frequency for the purpose of transmitting electrical power.   
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The power transformer makes it possible to transmit the power from the generating station to the 

customers at a distance.  The power transformer is the most important and critical component of 

the power system that transfers electrical energy from one circuit to another through the power 

transformerôs coils.  Power transformers are able to transfer 99.5% of their input power as their 

output power.   

 

The life-span of the power transformer is about 30 years in service.  Transformers are divided 

into three groups [2]: 

1) Small power transformers 500 ï 7500 kVA. 

2) Medium power transformers 7500 kVA ï 100 MVA.  

3) Large power transformers 100 MVA and above.  

 

However, the power transformer can sometimes fail due to different factors.  One of the major 

factors that can cause the power transformer to fail is increasing the power consumption.  

Increasing the power consumption every year leads the load on the power transformer to grow.  

When the load on the power transformer increases, the operating stresses increase as well.  

According to the report on analysis of transformer failures presented at International Association 

of Engineering Insurers, 36
th
 Annual Conference in Stockholm in 2003 by William H. Bartley, 

the largest transformer loss occurred at a power plant in 2000 and the total damage loss of this 

power transformer was 86 million US dollars [3].  The continuity of the power transformer 

operation is very important in maintaining the reliability of the power supply.  Any unscheduled 

repair work such as replacement of the faulty transformer is very expensive and time 

consuming.   

 

 

1.1.1 Principles of the power transformer 

 

  The operation of a power transformer is based on two principles:  

1. Electric current produces the magnetic field. 
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The primary winding of the transformer is connected to a source of sinusoidal voltage of 

frequency f Hz and draws a small excitation current io from the source.  This excitation current 

sets up the mutual flux in the transformerôs core ū.  

 

2. A change in the magnetic field within a coil of wire induces a voltage across the ends of the 

coil (electromagnetic induction).     

 

Changing the current in the primary coil changes the magnitude of the applied magnetic field.  

The changing magnetic flux extends to the secondary coil where a voltage is induced across its 

ends.  Therefore, the primary and secondary windings of the transformer are not connected 

electrically, but magnetically [2].  Electric energy is transferred between two circuits without the 

use of moving parts.  The ideal power transformer is depicted in Figure 1.1. 

 

 

For the ideal power transformer, it is assumed that resistance of the primary and the secondary 

windings equal zero.  Since the resistance is zero, there is no voltage drop in the transformer 

winding, so the voltage at the power transformer terminals equals the induced voltage in the 

winding (Vp = Ep). 

 

The secondary voltage Vs, induced in the secondary winding, is proportional to the primary 

voltage Vp, and is given by the ratio of the number of turns Ns in the secondary winding to the 

number of turns Np in the primary winding [2].  The voltage induced in the secondary coil is: 

 

Figure 1.1 ï The ideal transformer 
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                                                                    ὠ ὔ
ū
                                                                            (1.1)  

 

           Where   Ns - the number of turns in the secondary coil,  

                        ū  - the magnetic flux through one turn of the coil.  

 

The same magnetic flux passes through the primary and the secondary coils of the power 

transformer causing the instantaneous voltage across the primary winding to be equal to:  

 

                                                                    ὠ ὔ
ū
                                                                       (1.2) 

 

           Where    Np - the number of turns in the primary coil,  

                         ū - the magnetic flux through one turn of the coil.  

 

     The waveforms of the flux and the voltage are sinusoidal.  The instantaneous value of the flux is:     

 

                                                                       ίὭὲ‫ὸ                                                                     (1.3) 

Then the induced voltage is:               

                                                             Ὁ ὔ
ū
‫ὔ  ὧέί‫ὸ                                               (1.4) 

          Where         - the maximum value of the flux, 

                          ‫ ς“Ὢ - angular frequency.  

 

The RMS value of the induced voltage is: 

                                                           Ὁ
Ѝ
Ὢὔ  Ѝς  “Ὢὔ                                          (1.5) 

 

Since the voltage drop in the winding resistance is neglected and then induced voltage equals the 

terminal voltage.  Then if a sinusoidal voltage is applied to the winding, sinusoidally varying 

flux has to be established with the maximum value    and satisfy the requirements that 

induced voltage equals the RMS value of the terminal voltage.  
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Ѝ

                                                                       (1.6) 

 

As can be seen, the core flux depends on the applied voltage, the number of turns in the winding, 

and the frequency.  The core flux is fixed by the applied voltage and also by the required exciting 

current which is determined by the magnetic properties of the core.  

 

 

1.1.2 Types of transformer failures 

 

Damages to the power transformer can be caused by different stresses, which are due to 

overheating, open circuits and short circuits [4].  The major focus of power transformer 

protection is short circuits because open circuits do not present a particular hazard.  Short circuit 

protection includes internal and external faults.   

 

External faults occur outside the protection zone of the transformer and include:   

1. Over voltage ï stresses the insulation beyond its withstand capacities and therefore causing 

breakdown of the transformer.  

2. Overloads ï lead to overheating of transformersô insulation and have the potential to cause 

permanent damage. 

3. Under frequency ï caused by a system disturbance that causes an imbalance between 

generation and load.  The exciting current increases at low frequencies causing overfluxing 

of the transformer iron core.  Overfluxing may gradually lead to insulation breakdown of 

the magnetic circuit.  

 

Internal faults occur within the transformer protection zone.  The internal faults can be divided 

into two groups [3] - [6]: 

1. Incipient faults develop slowly and may develop into major faults such as phase-to-ground 

faults or three phase faults if the cause is not detected and corrected.  Incipient faults can be 

divided into three groups:  
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¶ Overheating ï caused by loss of coolant which is due to leakage, poor internal 

connection in the electric or magnetic circuits, and loss of fans which have to provide 

cooling.  

¶ Over fluxing ï may lead to insulation breakdown of the magnetic circuit insulating 

materials.  

¶ Overpressure ï occurs due to release of gases from the transformer.  

 

2. Active faults ï caused by the breakdown in insulation which creates a sudden stress.  The 

active fault occurs when the current flows from one phase conductor to another such as 

phase-to-phase and phase-to-ground.  These faults may occur suddenly and they require fast 

action by protective relays.  Active faults: 

¶ Turn-to-turn short circuits. 

¶ Phase-to-phase short circuits.  

¶ Phase-to-ground short circuits. 

¶ Tank faults. 

¶ Core faults. 

 

One of the most challenging problems in power transformer protection is detecting internal turn-

to-turn faults.  The reason why it is difficult to detect minor internal faults within the power 

transformer is explained in the following sections.   

 

 

1.2 Transformer internal turn -to-turn faults  

 

According to the IEEE Standard C37.91-2000, which gives failure statistics of transformers for 

different time periods, more than 50% of the total numbers of failures are winding failures [7].  

Winding failures are due to insulation between turns which can break down due to 

electromagnetic and mechanical forces on the winding.   

 

A single-phase, two winding transformer with an internal turn-to-turn fault is depicted in Figure 

1.2 to explain the theory about turn-to-turn faults.  A turn-to-turn short circuit is a short circuit of 
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a few turns in the transformer windings.  Figure 1.2 shows that a turn-to-turn fault has occurred 

in the secondary windings and involves Nx turns. 

 

 

Figure 1.2 ï The single-phase, two winding transformer 

 

Where     Ip, Is - the primary and secondary current, 

               Np, Ns - number of turns on the primary and secondary side of the power transformer, 

               Nx - number of shorted turns. 

 

Ix is the additional current component which is caused by the induced voltage in the short 

circuited turns.  This current component is not measured by the differential relay to circulate 

through the shorted turns.  The additional current component will be lagging the voltage by 90 

degrees because the impedance of the shorted circuit is inductive.  The Ampere-turn-balance 

principle for the coils which are located on the same magnetic core has to be fulfilled, 

irrespective of the existence of a turn-to-turn fault.  In order to fulfill this requirement, two 

measured currents will give a certain angle shift ŭ (Figure 1.3).  

 

 

 

 

 

Figure 1.3 ï The ampere-turn-balance principle 
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The component  IxNx  is seen by the differential relay as the differential current.  When turn-to-

turn faults occur within the power transformer and only a few turns are shorted, then the 

differential current magnitude can be very small and might not be within the tripping region.  

 

According to the analysis of power transformer failures, 94 power transformers failed for the 

period of 1997 through 2001 [3].  The total loss of 94 power transformers was $ 286,628,811 US 

dollars.  According to the Annual Report presented at 36
th
 Annual Conference in Stockholm in 

2003, the largest numbers of transformer failures occur in the Utility Substation sector and the 

cause of power transformer failures is insulation failure.  For all different types of power 

transformer failures, insulation failure has the highest risk to fail [8].  The cause of developing 

turn-to-turn faults is the degradation of the insulation system.  The insulation system of the 

transformer consists of paper and oil.  The paper and oil can be subject to aging, which is defined 

as the change in the properties of an electrical insulation system.  Degradation is the process of 

reducing insulation quality, which causes a breakdown in the insulation and leads to 

development of turn-to-turn faults.  The degradation of the insulation system can be due to the 

mechanical, electrical, and thermal stresses, and moisture.  When failure of the power 

transformer happens, immediate detection of the failure is necessary in order to protect the entire 

power system and minimize the damage and repair cost.  If the turn-to-turn fault has not been 

quickly detected and cleared, then this turn-to-turn fault can develop into a more serious and 

costly to repair fault such as a phase-to-ground fault. 

 

For detecting internal turn-to-turn faults in the power transformer three characteristics can be 

used.  These three characteristics are [9,10]: 

1) Gas formation which is caused by the fault arc. 

2) An increase in the phase currents. 

3) An increase in the differential current. 

 

When internal faults occur within the power transformer, immediate detection of these faults is 

necessary in order to protect the entire power system and minimize the damage and repair cost.   

Usually three types of protection can be used to protect the transformer from the internal faults: 
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1.  Sudden pressure relay  

The sudden pressure relay operates on a rate of rise of gas in the transformer [10] - [12].  This 

relay does not operate on pressure changes or static pressure which results from the normal 

operating condition of the transformer.   

 

2.  Over current relay  

Over current relays are seldom used because of their vulnerability to false operation [9] - [12]. 

The false operation of over current relays might be caused by mismatch errors of current 

transformers (CTôs), saturation errors, and magnetizing inrush current when the transformer is 

energized.  The over current relay responds to the magnitude of the input current and operates 

when this magnitude exceeds the pre-set level ï pickup current.  Then the over current relay 

contacts will close to energize the circuit breaker trip coil.  The contact of the relay will remain 

open if the magnitude of the input current is less than the pickup current.  Over current relays are 

used as primary protection where differential protection is not used.  If the differential protection 

is used, then the over current relay is used as back up protection.  Typically, fuses are used as 

primary protection for transformers rated below 10 MVA.  For transformers rated above 10 

MVA, differential relays are used as primary protection and over current relays as back up.   

 

3. The percentage differential relay  

Differential relaying is one of the most effective and reliable methods of providing protection 

against internal faults in power transformers.  The percentage differential relay is depicted in 

Figure 1.4.   

 

Figure 1.4 ï Percentage differential relay 
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Differential relaying treats the power transformer as a unit, taking measurements at all of the 

transformer terminals.  This method is very convenient because the power transformer terminals 

are located at the same terminal.  As it can been seen from the Figure 1.4, the differential 

protection principle is based on comparing current magnitudes which enter (I1) and leave (I2) the 

protected zone.  The protected zone is the zone between two current transformers.  Under normal 

conditions, the current I1 would be equal to the current I2.  Therefore, during normal system 

operation and during external faults (faults outside of the protection zone) the differential relay 

operating current is very small or near zero.  If the fault occurs between the two ends of the 

protected zone, the magnitudes of the current I1 and I2 are no longer equal.  Then the presence of 

the fault can be detected [12].  

 

It can be observed from Figure 1.4 that the percentage differential relay has two types of coils: 

the restraining coil (RC) and the operating coil (OC) [9].  The percentage differential relay 

operates when the differential current between currents entering and leaving the protected zone 

exceed a pre-determined percentage of the through current before tripping can occur.  This 

through current is referred to as the restraining current.  Operation of the differential relay occurs 

when the operating current exceeds the restraining current. 

 

The major component of the differential protection scheme is the current transformer (CT).  The 

current transformer is connected in series with the power transformer windings with the 

secondary currents circulating between them.  The relay is connected across the midpoint where 

the voltage is theoretically nil. Therefore, no current passes through the relay, and hence no 

operation for faults outside the protected zone.  Under internal fault conditions the relay operates 

and both CT secondary currents add up and pass through the relay.  The percentage differential 

relay can be instantaneous in operation as it does not have to coordinate with any other relay on 

the network.   

 

In order to correctly apply the differential protection, two requirements have to be satisfied [13]:  

1. The current magnitude differences on different sides of the protected transformer have to be 

compensated by correct selection of interposing CT ratios.  It is necessary to properly 

compensate the phase shift between the windings by correct selections of interposing CT 
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winding connections.  Some differential relays might internally accommodate the phase shift 

of the transformer.  

2.  It is important to compensate for zero sequence current by using the interposing CT   

connection, which makes it possible to remove zero sequence current.  

 

Percentage differential relays must be tolerant of worst-case addition of the mismatch errors.  

Percentage differential relays allow larger percentage mismatches up to 70% during heavy 

through currents [9].  Percentage differential relays can be affected by a number of factors, 

which are explained below: 

 

Magnetizing inrush current  

Magnetizing inrush current is the current which may flow when the transformer is first energized 

[14] - [15].  The inrush current may reach the instantaneous peaks of 8 to 30 times that for full-

load current, and then decays rapidly during the first few cycles before decaying slowly.  The 

magnitude of the inrush current is affected by the following factors: type of the magnetic 

material in the core, residual flux in the power transformer before switching on, and the size of 

the power transformer.  Since the differential relay might see the inrush current as an internal 

fault, some methods should be present, such as a harmonic restraint, for distinguishing between 

faults and inrush current [16] - [17].  The inrush current has a second harmonic.  This second 

harmonic can be used to restraint or block a relay during energization and avoid undesired 

tripping.  The second harmonic blocking can respond to magnitudes and phase angles of the 

second harmonic and the fundamental frequency currents.  The differential element can correctly 

distinguish between the power transformer energization and faults.  

 

Transformer tap-change operation 

Transformer tap change operation makes a large contribution to current mismatch [15].  A 

typical load tap changer range of 10% in voltage gives a 10% variation in current.  When on load 

tap-changer moves from one position to another, amplitude mismatch between the transformer 

windings will result in a false differential current.  This is a significant mismatch for which the 

relay must not operate.  
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Current transformer (CT) saturation  

Fault currents can lead to CT saturation [15].  Current transformer saturation might cause the 

relay operating current to flow due to the distortion of the saturated current.  Current transformer 

saturation reduces the secondary output currents from the current transformer and causes a false 

differential current to appear to the relay.  To minimize problems due to the saturation, the CTôs 

ratios have to be selected properly.  

 

Over excitation 

Transformers are designed to operate below the flux saturation level [18].  An increase from the 

maximum voltage level will lead to saturation of the core and an increase in the excitation 

current drawn by the transformer.  When a transformer core is over excited, the core will operate 

in a non-linear magnetic region.  This will create harmonic components in the exciting current.  

There is a significant amount of current at the fifth harmonic that is characteristic of over 

excitation.  

 

30º phase angle shift introduced by transformer Y-æ connection.   

The connection of the power transformer windings produces a phase displacement from the 

primary currents and voltages to the secondary currents and voltages.  

 

Besides detecting the fault, percentage differential relay also has to be sensitive to all of the 

above mentioned factors which can cause misoperation of the relay.   

 

 

1.3 Literature review  

 

Internal faults involve a magnitude of fault current which is low relative to the power 

transformer base current.  This indicates a need for high speed and high sensitivity to ensure 

good protection.  According to the IEEE Standard documents, there is no one standard way to 

protect all power transformers against minor internal faults and at the same time to satisfy basic 

protection requirements: sensitivity, selectivity, and speed [7].     
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The most difficult internal turn-to-turn fault is the fault which initially involves only a few turns.  

The IEEE Standard C37.91-2000 indicates that as much as 10% of the transformer winding 

might be shorted to cause a detectable change in the terminal current.  Therefore, when fewer 

numbers of turns are shorted, it will result in an undetectable amount of current.  There is no 

limit to the maximum internal fault that can flow, other than the protection system capability [7].   

 

According to the IEEE Committee Report [7], the main and most commonly used protection 

provided for internal faults for power transformers of approximately 10 MVA three-phase is the 

percentage differential relay.  Although the percentage differential relay is the most commonly 

used protection, it is not thoroughly efficient for detecting minor internal turn-to-turn faults in 

power transformers.  It is difficult to detect minor internal turn-to-turn faults using the 

percentage differential relay because the changes in the transformer terminalôs current will be 

quite small because the ratio of transformation between the whole winding and the short-

circuited turns is quite small.  The traditional transformer differential percentage protection is not 

sensitive enough to detect minor internal winding faults.  Low-level turn-to-turn faults cannot be 

detected with overall sensitivity represented by the restraint characteristic of the percentage 

differential relay.  For example, if the restraint characteristic of the percentage differential relay 

has been set to 20% and a minor internal fault causes a differential current of 10%, thus an 

internal fault cannot be detected until this fault evolves into a more severe fault with a higher 

differential current.  And for this reason, the conventional percentage differential protection is 

not sensitive enough to determine low-level turn-to-turn faults. 

 

Alternatively, minor turn-to-turn faults can be detected by the sudden pressure relay.  However, 

the sudden pressure relay is slow to operate unless the internal fault is severe.  The sudden 

pressure relay can detect internal faults with a delay of typically 50-100 ms that often causes the 

fault to become more serious.  Reference [6] gives a real case study on transformer failure due to 

shorted turns.  Failure of transformer by shorted turns is depicted in Figure 1.5.  A turn-to-turn 

fault was developed in a 30 year old power transformer as a result of severe winding conductor 

insulation aging.  The power transformer was tripped on sudden pressure relay.  After the fault 

was cleared, fault diagnosis showed extensive loss of conductors and conductor insulations in the 

faulted phase, which was unlikely to be economically repairable.  As it can be seen from this real 
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case study, the internal turn-to-turn fault was detected but with a time delay that caused severe 

damage of the faulted winding.  

 

 

Figure 1.5 ï Failure of transformer by shorted turns (reproduce from reference [6] with 

permission) 

 

The previous methods which have been proposed towards improving the differential relay and 

detecting internal turn-to-turn faults within the power transformer are outlined in the paragraphs 

below.   

 

Sachdev, Sidhu and Wood presented a digital relaying algorithm for detecting transformer 

winding faults [19].  This principle is based on checking whether the differential equation 

combined from the equations at the primary and secondary windings is valid.  The electro-

magnetic equations of a transformer are differential equations of currents, voltages and mutual 

flux linkages. The differential equations are valid during normal operating conditions, 

magnetizing inrush and external faults.  However, they are not valid during internal faults.   If the 

power transformer is connected in Y-Y, the fault can be detected directly because the winding 

current is available.  However, if the power transformer is connected in Y-æ, then each of the 

three equations contains the unavailable æ winding current causing this algorithm to decompose 
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the winding currents into non-circulating and circulating currents.  According to the results 

presented in this paper, the proposed technique was effective for 5% of shorted turns of the 

winding.  

 

Kang, Lee and et al described a transformer protection based on the increment of the flux 

linkages [20].  The ratio of the increments of the primary and the secondary winding flux 

linkages is equal to the turn ratio during normal operating conditions, magnetizing inrush current 

and over-excitation.  During internal winding faults, it will differ from the turnôs ratio.   

However, the ratio of the increments of the flux linkages is not always equal to the turn ratio 

because the increments of the flux linkages of the primary and secondary windings are 

instantaneous values and consequently pass through zero.   According to the presented result, the 

proposed technique is effectively limited to a turn-to-turn fault involving more than 10% of the 

winding.  

 

Jiang, Bo and et al proposed power transformer protection based on transient detection using 

Discrete Wavelet Transform (DWT) [21].  The protection technique in this paper focuses on the 

features of fault transient currents instead of the fault under fundamental frequency.  To detect 

the transformer fault, only the dominant transient within the certain bands plays the important 

role.  The average and differential currents between the primary and the secondary currents are 

derived from the DWT outputs.  To obtain the restraining and operating current, the spectral 

energies of the average and differential currents are calculated using the moving average process.  

To determine whether the fault is internal or external to the transformer, the relay compares the 

levels of the operating and restraining current.   

 

Ngaopitakkul and Kunakorn presented an algorithm based on a combination of Discrete Wavelet 

Transform and neural networks for detecting and classification of internal faults in two winding 

three phase transformer [22].  According to this method, the current waveforms are extracted to 

several scales with the Wavelet transform, and the coefficients of the first scale from the Wavelet 

transformer are investigated.  The comparison of the coefficients was performed and used as 

inputs for the training process of the neural networks.   
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Khorashadi-Zadeh and Li presented a sensitive artificial neural network (ANN) based 

differential relay for fault identification in power transformer protection [23].  In this proposed 

algorithm, different transient states are considered as different patterns.  These different patterns 

are recognized by an artificial neural network.  Inputs to an artificial neural network are the 

harmonics of the positive sequence of differential current.  In this method the inputs are the 1
st
, 

2
nd

, and 5
th
 harmonic components of the positive sequence differential current.  The drawback of 

using methods based on neural networks is that these methods require a large number of training 

patterns which are produced by simulation of various cases and this method is not generalized to 

be applied to different power transformers.  

 

In 2005, Gajic, Brncic, Hillstrom and et al from ABB (Sweden) in a conference paper discussed 

about a new differential protection method based on negative sequence currents for detecting 

turn-to-turn faults within the power transformer [24].  According to the new method, the relay 

will look into the phase angle shift between negative sequence current components from 

different sides of the transformer and will make decisions based on this phase angle shift.  

According to reference [24], the new sensitive method can be used for detecting minor internal 

turn-to-turn faults in the power transformer.  Studies presented in this paper were very limited ï 

it dealt with one particular configuration and one system condition.  The results given in this 

paper were also not convincing because of limited studies performed for only one set of system 

parameters and no detailed investigations.  

 

Past researchers faced problems while using negative sequence currents for detecting minor turn-

to-turn faults within the power transformer.  According to reference [25], the changes in 

impedance of the total phase circuit for a shorted turn is very difficult to calculate because of the 

power transformer actions.  In accordance with their estimations when the impedance in the 

faulted phase changes by 3%, the negative and zero sequence currents will not be sufficiently 

large enough and will be less than 1%.  Their rational is as follows: the magnitudes of the 

currents largely depend on the total reactor impedance as the source impedance is relatively low 

compared to the reactor impedance.  Also, it is worth noting that removing the ground from the 

unit will not affect the magnitudes of the positive and negative sequence currents significantly, 
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but it will eliminate the zero sequence currents because there will not be a path for the zero 

sequence currents to flow through.   

   

The literature review discussed in previous paragraphs showed that detecting minor internal turn-

to-turn faults within the power transformer is a very difficult problem.  Some special schemes or 

relays have to be designed and can be used as customized application.   

 

The thesis focus work is on developing a negative sequence protection scheme for detecting 

internal turn-to-turn faults within the power transformer for various operating conditions and 

different configurations of the power transformer.  The main motivation of this research was to 

verify if this proposed method is able to perform better than the traditional differential protection 

method.  

 

 

1.4 Objectives of the research   

 

As described above, the primary objective of this thesis is to investigate the possibility of using 

the protection technique, which is based on negative sequence currents, for detecting minor turn-

to-turn faults in transformers in order to improve the performance of the traditional transformer 

differential protection.  The second objective is to verify how accurately internal turn-to-turn 

faults can be detected within the power transformer using this new protection technique.  The 

final objective is to investigate the performance of the new protection method based on negative 

sequence currents under different numbers of shorted turns of the transformer, different 

connections of the power transformer, different values of the fault resistances, different values of 

the system parameters, and during the CT saturation. 

 

 

1.5 Outline of the thesis  

 

This thesis is organized in six Chapters and two Appendices.  A brief introduction to the power 

transformers and a brief overview about existing transformer protection schemes, which are 
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currently used for protection of power transformers, is described in the first chapter.  The 

problem with detecting minor internal faults within the power transformer is stated.  Objectives 

of the research are drawn from the literature review on transformer protection against internal 

turn-to-turn faults.  The organization of the thesis is discussed as well.  

 

In Chapter 2, a detailed description about symmetrical components and sequence networks for 

various types of common faults and an internal turn-to-turn fault in power transformers is 

presented.   

 

The new protection method is presented in Chapter 3.  Also, logic of the proposed technique 

based on negative sequence currents is introduced in this chapter. 

 

Chapter 4 discusses simulation of the power system.  Furthermore, the detailed description of the 

model of the proposed technique based on negative sequence currents and the traditional 

differential protection model are presented in this chapter.  

 

Chapter 5 shows the studies of the performance of the traditional differential protection and the 

proposed technique based on negative sequence currents.  The performance of the proposed 

technique under different connections of the power transformer, different numbers of shorted 

turns of the power transformer, different values of the fault resistances, different values of the 

system parameters, during the CT saturation, and the inrush current is investigated, as well as the 

performance of the traditional differential protection.   

 

Chapter 6 summarizes the research work described in the thesis and presents general 

conclusions.  

 

Data and parameters of the modelled power system are presented in Appendix A.  

 

Performance of the proposed method for the power transformer connected in ȹ/Y is given in 

Appendix B.  
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CAHPTER 2 

  UNSYMMETRICAL FAULTS  

 

 

2.1 Symmetrical components 

 

This research introduces the protection technique, which can improve differential relay 

sensitivity for minor internal turn-to-turn faults.  This technique is based on the theory of 

symmetrical components, more exact, on negative sequence currents.    According to Fortescueôs 

theorem, three unbalanced phasors of a three phase system can be resolved into three balanced 

systems of phasors [26] - [29].  The unbalanced set of current phasors is depicted in Figure 2.1  

 

 

 

 

 

Figure 2.1 ï Unbalanced current phasors 

 

The balanced sets of components are (Figures 2.2 - 2.4): 

 

1. Positive sequence components  

This sequence consists of three phasors which are equal in magnitude, displaced from each 

other by 120 degrees in phase, and have the same phase sequence as the original Iabc.  

 

 

 

 

 

Figure 2.2 ï Positive sequence components  
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2. Negative sequence components   

This sequence consists of three phasors which are equal in magnitude, displaced from each 

other by 120 degrees in phase, and have the phase sequence Iacb which is opposite to the 

original phasors.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 

 

 

 

 

Figure 2.3 ï Negative sequence components 

 

3. Zero sequence components  

This sequence consists of three phasors which are equal in magnitude and with zero phase 

displacement from each other.  

 

 

  

 

 

Figure 2.4 ï Zero sequence components 

 

This method converts three unbalanced phases into three independent sources.   

For example, a vector for three phase currents can be written as: 

 

                                                                 Ὅ
Ὅ
Ὅ
Ὅ

                                                              (2.1) 

Where          Ia - the current in phase A,  

                    Ib - the current in phase B, 

                    Ic - the current in phase C.  

 

The three symmetrical components can be written as: 

120
0
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21 

 

                                                                Ὅ

Ὅ
Ὅ
Ὅ

                                                                         (2.2) 

   Where      I 0 - the zero sequence component, 

                   I 1 - the positive sequence component, 

                   I 2 - the negative sequence component.  

 

Phases are rotated forward by 120 degrees.  A phase rotation operator a is defined to rotate a 

phasor vector.  Using the a operator, the double subscript notation which was used in Figures 2.2 

- 2.4 can be eliminated.  This can be done by expressing each phasor in terms of phase A phasor.   

 

      Ὅ ὥɇὍ 

 

 

                                       Ὅ Ὅ 

 

 

Figure 2.5 ï Positive sequence components expressed in terms of phase A quantities 

 

 

 

 

 

Figure 2.6 ï Negative sequence components expressed in terms of phase A quantities 

 

 

 

  

 

 

Figure 2.7 ï Zero sequence components expressed in terms of phase A quantities 
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The symmetrical components have to satisfy the constraint which states that the vector sum of 

symmetrical components equals the original set of unbalanced phasors [26].  The sum of the 

sequence components is depicted in Figure 2.8.  

 

 

 

 

 

 

 

 

 

Figure 2.8 ï Sum of sequence components 

 

The unbalanced currents can be expressed as the sum of their components: 

 

                                                                     Ὅ  Ὅ Ὅ Ὅ                                                           (2.3) 

                                                                  Ὅ  Ὅ ὥὍ ὥὍ                                                               (2.4) 

                                                                 Ὅ  Ὅ ὥὍ ὥὍ                                                                (2.5) 

 

A matrix A can be defined using this operator to transform the phase vector (ABC) into 

symmetrical components (012).   

                                                       ὃ
ρ ρ ρ
ρ ὥ ὥ
ρ ὥ ὥ

                                                                          (2.6) 

 

The phase currents generated by the sequence components can be written as: 

 

                                                        
Ὅ
Ὅ
Ὅ

ρ ρ ρ
ρ ὥ ὥ
ρ ὥ ὥ

ɇ
Ὅ
Ὅ
Ὅ
                                                                (2.7) 
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Conversely, the sequence components which are generated from the phase currents can be 

written as: 

                                                               

Ὅπ
Ὅρ
Ὅς

  = ὃ  Ā 

Ὅὥ
Ὅὦ
Ὅὧ

                                                         (2.8) 

 

Where      ὃ  - the inverse matrix. 

                                                              ὃ  
ρ ρ ρ
ρ ὥ ὥ
ρ ὥ ὥ

                                             (2.9) 

Then equation (2.8) can be written as: 

 

                                                             

Ὅ
Ὅ
Ὅ

 
ρ ρ ρ
ρ ὥ ὥ
ρ ὥ ὥ

 ·

Ὅ
Ὅ
Ὅ

                                     (2.10)   

 

Then equation 2.10 can be written as: 

                                                                           Ὅ Ὅ Ὅ Ὅ                                                     (2.11)   

                                                                      Ὅ Ὅ ὥὍ ὥὍ                                                   (2.12)   

                                                                         Ὅ Ὅ ὥὍ ὥὍ                                                (2.13)   

 

In a three phase system, the sum of the line currents (Ia, Ib, Ic) is equal to the current IN  in the 

return path through the neutral [27] - [29]:        

       

                                                                                  Ὅ Ὅ Ὅ Ὅ                                                                          (2.14)   

 

As it can be seen from Equation 2.11: 

                                                                                     Ὅ σὍ                                                                                 (2.15)    

 

If there is no path through the neutral of a three phase system, then the current IN  is zero and the 

line currents contain no zero components.   
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2.2 Sequence impedances for the power transformer 

 

When positive sequence currents are present, the impedance is called the positive sequence 

impedance.  When negative sequence currents are present, the impedance is called the negative 

sequence impedance.  And when only zero sequence currents are present, then the impedance is 

called the zero sequence impedance [26] - [29].   

 

For all power transformers, the positive, negative, and zero sequence impedances are the same.   

 

                                                                   ὤ ὤ ὤ ὤ                                                                                     (2.16) 

                         

Where    Z1 - the positive sequence impedance, 

              Z2 - the negative sequence impedance, 

              Z0 - the zero sequence impedance, 

              Zl - the leakage impedance. 

 

The sequence impedance of the power transformer is the total leakage impedance of the 

transformer.  

   

The primary and the secondary windings of the power transformer can be connected in either 

delta (æ) or wye (Y) configurations.  There are four possible combinations of connection: æ-æ, 

æ-Y, Y-æ, Y-Y.   

 

When a system has a transformer with æ-Y connection, the effect of the æ-Y transformer phase 

shift on fault currents has to be considered.  The positive quantities on the high voltage side of 

the transformer will be 30 degrees greater than the positive quantities on the low voltage side of 

the transformer [27] - [29].  The negative sequence quantities are the reverse of the positive 

sequence quantities.  In other words, the negative sequence quantities on the high voltage side of 

the transformer will lead the negative sequence quantities on the low voltage side of the 

transformer by -30 degrees.  
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The equivalent circuit for the zero sequence impedance depends on the power transformer 

winding connections.  As it is known, zero sequence currents will flow only if there is a return 

path through which a completed circuit is provided [26] - [29].   

 

All  possible combinations of the transformer winding connections are discussed in the following 

paragraphs.  

 

If the power transformer is connected in Y-Y and both neutrals are grounded, then there is a path 

for zero sequence current to flow in both windings of the transformer.  The equivalent zero 

sequence circuit for this connection is depicted in Figure 2.9. 

 

 

Figure 2.9 ï The equivalent zero sequence circuit for Y-Y connections with both neutrals 

grounded 

 

If the power transformer is connected in Y-Y with the primary neutral grounded and the 

secondary neutral isolated, then the zero sequence current in the secondary winding is zero.  

Consequently, the zero sequence current in the primary winding will be zero.  The equivalent 

zero sequence circuit for this connection is depicted in Figure 2.10. 

 

 

Figure 2.10 ï The equivalent zero sequence circuit for Y-Y connections with the primary neutral 

grounded and the secondary neutral isolated 
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If the power transformer is connected in æ-æ, then the zero sequence current will circulate in the 

æ connected windings, but no current can leave the æ terminals. The equivalent zero sequence 

circuit for this connection is depicted in Figure 2.11.  

 

 

 

Figure 2.11 ï The equivalent zero sequence circuit for æ-æconnections  

 

If the power transformer is connected in Y-æ and neutral is grounded, then the primary currents 

can flow because there is zero sequence circulating current in the secondary winding connected 

in æ and a ground return path for the primary winding connected in Y.  For these connections, 

there is isolation between the primary and the secondary windings because zero sequence current 

cannot leave the æ terminals.  The equivalent zero sequence circuit for this connection is 

depicted in Figure 2.12. 

 

 

Figure 2.12 ï The equivalent zero sequence circuit for Y-æ connections with neutral grounded 

 

If the power transformer is connected in Y-æ and neutral is isolated, then the zero sequence 

current cannot flow and the equivalent circuit reflects infinite impedance.  The equivalent zero 

sequence circuit for this connection is depicted in Figure 2.13. 
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Figure 2.13 ï The equivalent zero sequence circuit for Y-æ connections with neutral isolated 

 

 

2.3 Sequence network connections and symmetrical components for various 

types of common faults 

 

Before the fault occurs, the system operates under steady-state conditions.  The pre-fault system 

is balanced and the zero, positive, and negative sequence networks are uncoupled [27] - [29].   

 

The sequence components I0, I2 are equal to zero before the fault occurs.  During unsymmetrical 

faults, sequence networks carrying the currents I0, I1 and I2 are interconnected at the fault 

location to present various unbalanced fault conditions.  The presence of the negative and zero 

sequence components is an indication of abnormal conditions (faults).  

 

Since the new method is based on negative sequence currents, the negative sequence current for 

different types of fault has to be observed.  

 

Unbalanced faults such as phase-to-phase, phase-to-ground, and phase-to-phase-to-ground 

produce negative sequence current.  From the negative sequence current standpoint, phase-to-

phase fault is the most severe fault.  The reason for this can be seen from the sequence network 

diagrams.   

 

The sequence network diagrams for three different fault conditions (phase-to-phase, phase-to-

ground, phase-to-phase-to-ground faults) are depicted in Figures 2.14 - 2.16.  
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1. Phase-to-ground fault  

 

The negative sequence current resulting from phase-to-ground fault is limited by the positive 

(Z1), negative (Z2), zero (Z0) sequence impedances and the fault impedance (Zf).  In case of the 

bolted fault, the fault impedance equals zero.  

  

 

 

Figure 2.14 ï The sequence connection for phase-to-ground fault 

 

The sequence components of the fault currents are: 

                                                     
Ὅ Ὅ Ὅ

                                                (2.17) 

                    Where       Vf   -  the pre fault voltage. 

 

The sequence fault currents can be transformed to the phase domain using equation 2.7.  

 

 

2. Phase-to-phase fault  

 

The negative sequence current which results from the phase-to-phase fault is limited only by the 

positive (Z1), negative (Z2) sequence impedances, and the fault impedance (Zf).  
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Figure 2.15 ï The sequence connection for phase-to-phase fault 

 

The sequence faults current are: 

                                                         
Ὅ Ὅ

                                                        (2.18) 

 

The negative sequence current resulting from the phase-to-phase fault will be higher than the 

negative sequence current resulting from phase-to-ground fault.   

 

3. Phase-to-phase-to-ground fault 

 

For the phase-to-phase-to-ground fault, the sequence connection shows that the positive, 

negative and zero sequences are connected in parallel at the fault terminal.  This connection will 

result in higher positive sequence current.  However because the current split between the 

negative and zero network sequences, the resulting negative sequence current is usually less than 

that for the phase-to-phase fault.  

 

 

            

Figure 2.16 ï The sequence connection for phase-to-phase-to-ground fault 

 

The positive sequence fault current is:  
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                                                                        Ὅ                                               (2.19) 

Using current division in Figure 2.16, the negative sequence fault current is: 

 

                                                                    Ὅ Ὅ                                             (2.20) 

The zero sequence fault current is:  

                                                                  Ὅ Ὅ                                               (2.21) 

 

 

2.4 Sequence network connections and symmetrical components for turn-to-

turn faults in power transformers 

 

A turn to-turn fault is a short circuit of a few turns in the power transformer winding.  When a 

few turns are shorted in one phase, then the impedance of the shorted phase is not equal to the 

impedances of the other two phases [25], [29].   According to reference [25], the impedance 

change in one phase can be represented as a shunt unbalance as shown in Figure 2.17 for a 

grounded transformer.  Figure 2.18 depicts the corresponding sequence network for a turn-to-

turn fault.  

 

 

Figure 2.17 ï Shunt unbalance with a shorted turn in phase A 
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Figure 2.18 ï Sequence network for a turn-to-turn fault in phase A 

 

 

As it was mentioned before in Chapter 1, the traditional differential relay is not sensitive enough 

to detect minor internal turn-to-turn faults in the power transformer because the changes in the 

phase current are quite small.  

 

The new protection technique for turn-to-turn fault is based on the negative sequence currents.  

Negative sequence currents superimpose pure-fault quantities.  Negative sequence currents have 

the advantage over the zero sequence currents.  It is known that removing the ground from the 

unit will eliminate zero sequence components.  However, negative sequence currents are 

produced even when the fault does not include earth.   
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Figures 2.19 - 2.21 show phase currents (ISC1 and ISC2) and negative sequence currents (INS_P and 

INS_S) on both sides of the transformer during the steady-state condition and during the fault when 

5%, 3% and 1% of turns are shorted on the secondary side of the power transformer in phase C.   

 

 

 

Figure 2.19 ï Phase currents and negative sequence currents during the steady-state condition 

and during the fault for 5% shorted turns 

 

 

 

Figure 2.20 ï Phase currents and negative sequence currents during the steady-state condition 

and during the fault for 3% shorted turns 
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Figure 2.21 ï Phase currents and negative sequence currents during the steady-state condition 

and during the fault for 1% shorted turns  

 

In the figures: 

           ISC1 - secondary phase current produced by CT on the primary side of TR in phase C, 

           ISC2 - secondary phase current produced by CT on the secondary side of TR in phase C, 

          INS_P - negative sequence current on the primary side of TR scaled down using CT, 

          INS_S - negative sequence current on the secondary side of TR scaled down using CT. 

 

As it can be seen from Figures 2.19 - 2.21, the changes in magnitudes of the negative sequence 

currents on both sides of the power transformer during the fault compared to the steady state 

value of the phase currents are greater than the change in magnitude of the phase currents for a 

turn-to-turn fault.   

 

The changes in magnitudes of the phase currents and negative sequence currents during the 

steady state condition and during an internal turn-to-turn fault when 5%, 3% and 1% of turns are 

shorted on the secondary side of the power transformer are shown in Table 2.1 - 2.3.  
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Table 2.1 ï Magnitudes of the phase currents and negative sequence currents during steady-state 

condition and during an internal turn-to-turn fault for 5% shorted turns 

 

Sequence components 

 

Steady-state, A 

 

Fault, A  

 

Change, % 

ISC1 4.62 4.54 1.76 

ISC2 4.62 5.29 12.6 

INS_P 0.0014 0.26 99.46 

INS_S 0.0014 0.57 99.75 

 

 

Table 2.2 ï Magnitudes of the phase currents and negative sequence currents during steady-state 

condition and during an internal turn-to-turn fault for 3% shorted turns 

 

Sequence components 

 

Steady-state, A 

 

Fault, A 

 

Change, % 

ISC1 4.63 4.55 1.75 

ISC2 4.63 5.11 9.39 

INS_P 0.0014 0.24 99.41 

INS_S 0.0014 0.50 99.72 

 

 

Table 2.3 ï Magnitudes of the phase currents and negative sequence currents during steady-state 

condition and during an internal turn-to-turn fault for 1% shorted turns 

 

Sequence components 

 

Steady-state, A 

 

Fault, A 

 

Change, % 

ISC1 4.62 4.60 0.43 

ISC21 4.62 4.85 4.75 

INS_P 0.0014 0.23 99.39 

INS_S 0.0014 0.42 99.66 
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2.5 Summary  

 

This chapter introduces the concept of the symmetrical components technique.  The symmetrical 

components technique is very important in the analysis and design of a three-phase power 

system.  The symmetrical components method is a very important tool for unsymmetrical short-

circuit studies. A linear transformation from phase components (ABC) to symmetrical 

components (012) is shown.  The sequence networks and symmetrical components for different 

types of common faults and an internal turn-to-turn fault in the power transformer are presented.   
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CHAPTER 3 

SENSETIVE TURN-TO-TURN FAULT DETECTION USING 

NEGATIVE SEQUENCE CURRENTS 

 

3.1 Introduction to the new transformer protection method 

 

The existence of negative sequence currents beyond the normal or tolerable unbalances is proof 

of a fault in the power transformer windings.  Negative sequence currents do not exist during the 

symmetrical three phase fault.  They do exist during unsymmetrical faults long enough for the 

relay to make the proper decision.  Negative sequence currents have an advantage compared to 

zero sequence currents because they can provide coverage for phase-to-phase and turn-to-turn 

faults as well as for ground faults.   

 

The algorithm for the new turn-to-turn fault detection is based on negative sequence currents and 

derived from the theory of symmetrical components explained in Chapter 2 [29].  

 

It is known from the theory of symmetrical components that: 

1. Negative sequence currents can distribute through the negative sequence network. 

2. The source of negative sequence currents at the point of the fault is:  Ὁ  Ὅ ɇὤ  

3. Negative sequence currents obey Kirchhoffôs first law which states that at any point in an 

electrical circuit, the sum of currents flowing towards that point is equal to the sum of 

currents flowing away from that point. 

 

The following sections describe flow of negative sequence currents for the power transformer 

external and internal faults. 
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3.1.1 Flow of the negative sequence currents for transformer external faults 

 

If the fault is external to the power transformer, then the source of the negative sequence fault 

currents will be outside of the protected zone as shown in Figure 3.1.  For the external faults in 

the transformer, negative sequence current (INS_P) will enter the healthy transformer on the 

faulty side and negative sequence current (INS_Pȭ) will leave on the other side as shown in 

Figure 3.1.  Then, negative sequence currents on the respective sides of the power transformer 

will have opposite direction.  This means that the phase shift between these two phasors will be 

equal to 180 º.  

   

 

    

Figure 3.1 ï Flow of negative sequence currents for transformer external fault 

 

In Figures 3.1and 3.2: 

 

  ZNS_S1, ZNS_S2 - the negative sequence impedances for the equivalent sources S1 and S2, 

                 ENS - fictitious negative sequence source, 

  INS_P, INS_S - the negative sequence currents on the primary and secondary side of TR,  

               INS_P˃- the negative sequence current transformed from the fault side to the   

                         other side of TR, 

       INS_P, INS_S  - the negative sequence currents on the primary and secondary side of TR 

                         scaled down using CTs. 
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3.1.2 Flow of the negative sequence currents for transformer internal faults  

 

If the fault is internal to the power transformer, then the source of the negative sequence fault 

currents will be inside of the protected zone as shown in Figure 3.2.  For the internal faults in the 

transformer, negative sequence currents (INS_P and INS_S) will flow out of the faulty 

transformer on both sides as shown in Figure 3.2.  Then negative sequence currents on the 

respective sides of the power transformer will have the same direction.  This means that the 

phase shift between these two phasors will be equal to 0 º.    

 

  

Figure 3.2 ï Flow of negative sequence currents for transformer internal fault 

 

3.2 The description of the new negative sequence current based protection 

method 

 

For this method to be successful, the negative sequence components on the two sides of the 

protected power transformer have to be significant.  The new protection technique operates 

depending on the relative position of two phasors.  In other words, this protection scheme will 

compare the phase angle shift between the negative sequence current on the primary side of the 

transformer and the negative sequence current on the secondary side.   

 

However, the comparison between the negative sequence currents on the primary and secondary 

sides of the power transformer is valid for non-zero phase displacement transformers and turns 

ratio equal to 1.  In other words, this comparison is valid for the æ-æ or Y-Y connection of the 
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transformer windings, and for the turn ratio equal to 1.  If the phase displacement of the 

transformer differs from zero degrees and the turn ratio differs from 1, then the phase shift and 

turns ratio of the transformer have to be compensated in order to use this method.  The æ-Y 

connection of three phase power transformers introduces a 30 degree phase shift between the 

primary and the secondary windings.  A 30 degree phase shift between the primary and the 

secondary winding of the power transformer can be compensated by the correct selection of 

interposing current transformers windings connections.  The correct selection of interposing 

current transformers ratio allows compensating for current magnitude differences on different 

sides of the power transformer.    

 

The logic of the protection method based on negative sequence currents for detecting an internal 

turn-to-turn fault within the power transformer is shown in Figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 ï Negative sequence current based logic 
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As it can be seen from the Figure 3.3, the logic of the protection method based on negative 

sequence currents has two steps: 

 

1.  Firstly it checks for the magnitude of negative sequence current components on both sides of   

       the power transformer.  

2.  The second step is to check for the phase angle shift between these two phasors.  

 

The logical steps are explained in detail below: 

 

1. All individual instantaneous currents on the primary side (ISA1, ISB1, ISC1) and on the 

secondary side (ISA2, ISB2, ISC2) of the power transformer have to be measured.  

 

2. Using the Fast Fourier Transform (FFT) block determines the fundamental harmonic 

magnitude and phase of the input signal as a function of time.  

 

3. Calculate negative sequence currents on the primary side (INS_P) and on the secondary side 

(INS_S) of the power transformer (i.e. magnitude and phase components of the fundamental 

harmonic).  

 

4. Check the magnitudes of negative sequence currents from both sides of the transformer and 

compares them with a pre-set level.  The magnitudes of negative sequence currents from both 

sides of the power transformer have to be above the pre-set limit in order to check the 

relative position (phase angle) between these two phasors.  The minimum pre-set level has to 

be above values which can be measured during normal operation of the power system.  The 

limit value has to be set in the range within 1% to 20% of the differential protectionôs base 

current.  The differential protectionôs base current is the power transformerôs high voltage 

side rated current.  The reason for this condition is to exclude the negative sequence currents 

which can be introduced due to the pre-fault asymmetries of the power system (tolerable 

imbalances).  
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If the contribution of negative sequence currents from both sides of the power transformer is 

less than a pre-set level, then a directional comparison is not done to avoid the possibility of 

making a wrong decision and the relaying logic will  block.   

 

But if the contribution of negative sequence currents from both sides of the transformer is 

more than a pre-set level, then a directional comparison can be done and a phase angle 

between two phasors of negative sequence currents can be found.   

 

5. If the phase shift between two phasors of negative sequence currents is 0º, then an internal 

fault is indicated and a trip command issued.      

 

 

3.3 Summary 

This chapter gives an overview on the new transformer differential protection method.  The logic 

of negative sequence currents based protection method is described.  In order to apply this 

method for detecting internal faults within the power transformer, the phase shift and turns ratio 

have to be compensated.  According to the new method, the differential relay will look into the 

phase angle shift between negative sequence current components from different sides of the 

power transformer and will make decisions depending on the relative position of two phasors.   
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CHAPTER 4 

PSCAD/EMTDC MODELING OPF THE POWER 

TRANSFORMER AND THE DIFFETENTIAL RELAY  
 

 

4.1 Tools required to model the power system and differential relays  

 

The PSCAD/EMTDC Ê software (version 4.2.1) has been used to model the power system and 

to design the traditional differential relay model and the differential relay based on negative 

sequence currents models.  PSCAD/EMTDC is the simulation tool for analyzing power system 

transient developed by Manitoba HVDC Research Centre [31].  The PSCAD/EMTDC software 

gives a complete library with the typical elements required to model the typical power system. 

 

 

4.2 The modeled power system  

 

The system under study is a two machine power system connected through a three phase power 

transformer.  A three phase transformer bank was constructed using three single phase 

transformers, each of 33.3 MVA, 23/132 kV.  The simulated power system model is depicted in 

Figure 4.1.  To validate the model,   the steady state operation and the transient behaviour during 

faults were compared with theoretical calculations. 

 

 

 
 

Figure 4.1 ï Simulated power system model 

S1 CT1 

Relay 

S2 CT2 
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The simulated power system model includes:  

¶ Voltage sources (S1 and S2).    

¶ Circuit breakers (BRK). 

¶ Current transformers (CT1 and CT2).    

¶ A power transformer model that can simulate internal turn-to-turn faults. 

 

4.2.1 Voltage sources 

 

Two sources (S1 and S2) have been used in simulation.  The voltage source component model 

which has been used to model a three phase voltage source is depicted in Figure 4.2.   

 

 

 

Figure 4.2 ï The voltage source component model 

 

The source impedance type can be chosen as resistive, inductive or capacitive.  The parameters 

can be specified behind the source impedance or at the terminal.  This component has an option 

of external control of voltage and frequency.  Monitoring the source can be controlled through 

internal parameters or fixed parameters or variable external signals.  The external inputs are: 

¶ V - line-to-ground, peak voltage magnitude, kV, 

¶ f - frequency, Hz.  

The parameters of two sources are given in Tables A.1 - A.2 in Appendix A.  

 

4.2.2 Circuit breakers 

 

The circuit breaker component model is depicted in Figure 4.3.  This component simulates the 

operation of the three phase circuit breaker.  This component has an option to specify the ON 

RRL
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(closed) and OFF (open) resistance of the breaker.  The circuit breaker is controlled by the input 

signal (default is BRK).   

 

The logic of the circuit breaker is: 

¶ OFF( Open) - 1 

¶ ON (Closed) - 0.  

 

Figure 4.3 ï The circuit breaker component model 

 

4.2.3 Current transformers   

 

As it can be seen from Figure 4.1, differential relay is connected to the CTs secondary windings.     

Current transformers (CTs) are used in the field to reduce the value of primary currents for 

convenience of measurement to a maximum value of 5A and provide electrical isolation from the 

power system.  This allows personnel to work in a safer environment.  

  

To select current transformers (CTs), rated (full-load) currents at both voltage levels have to be 

calculated using the formula:  

  

                                                                        Ὅ
Ѝ
                                                                    (4.1) 

Where     S - the maximum load, 

               V - the rated voltage.  

 

The CTôs ratios are chosen based on the values of the full-load currents.  The parameters of 

current transformers are given in Tables A.3 - A.4 in Appendix A. The current transformer 

component model is depicted in Figure 4.4. 

 

BRK
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Figure 4.4 ï The current transformer component model 

 

Input parameters of the current transformer are primary and secondary turns, secondary 

resistance and inductance, and burden resistance and burden inductance.   

 

 

4.2.4 Power transformer model for simulating internal turn -to-turn faults  

 

The distribution of the magnetic flux is fundamentally altered for the transformer with an internal 

turn-to-turn fault. To produce the magnetic flux in the core, the exciting current is required.  The 

exciting current flows in the primary winding where it establishes an altering flux in the 

magnetic circuit.  When an internal turn-to-turn fault occurs, the situation is more complex.  To 

model a turn-to-turn fault, the corresponding winding is divided into three sub coils ñaò, ñbò and 

ñcò as it can be seen in Figure 4.5 [32] - [34].  

 

Figure 4.5 depicts a single phase transformer with a turn-to-turn fault.  The turn-to-turn fault 

happened on the secondary winding, causing the secondary winding to be divided into three 

parts: 

 

1) Top part - sub coil a. 

2) Shorted part - sub coil b. 

3) The bottom part - sub coil c.  

 

 

 

Figure 4.5 ï A single phase transformer with a turn-to-turn fault on secondary winding 
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Essentially, the short-circuit impedance which is mainly the leakage inductance will totally 

change for a mid-winding fault.  A single phase transformer can be described by 4×4 matrix 

representing [L].  

 

                                                ὒ

ὒ ὓ ὓ ὓ
ὓ ὒ ὓ ὓ
ὓ ὓ ὒ ὓ
ὓ ὓ ὓ ὒ

                                                (4.2) 

 

Where  L1 - self-inductance in the primary winding,  

            La, Lb, Lc - self-inductance of sub coils ñaò, ñbò and ñcò, 

           M1a , M1b, M1c - mutual inductance between primary winding and sub coils, 

          Mab , Mac, Mbc - mutual inductance between sub coils. 

 

The PSCAD/EMTDC package has a standard three phase power transformer component in the 

library.  But to detect and diagnose the internal turn-to-turn faults in transformers, a model of the 

transformer with an internal turn-to-turn faults is required.  

 

PSCAD/EMTDC software allows the designing of a new component.  Components in 

PSCAD/EMTDC are a graphic representation of the model which allows supplying input 

parameters and performing pre-calculation on input data.  A new component can be created in 

PSCAD/EMTDC using the Component Wizard.  The new component is represented by an icon in 

graphical interface PSCAD/EMTDC, an internal code in FORTRAN and dialog boxes.  The 

function of the internal code is to process the inputs and retrieves outputs.  The dialog boxes of the 

PSCAD/EMTDC component allow setting values to parameters of the internal code of the new 

component.  The new component can interact with other components in PSCAD/EMTDC. 

 

Figure 4.6 shows a new created component ï a single phase power transformer with internal turn-

to-turn faults which has been used to model the power system and to simulate turn-to-turn faults.    
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Figure 4.6 ï A graphic representation of a single phase transformer with internal turn-to-turn 

faults 

 

Where  A1-A2 - primary winding of the transformer, 

            B1-B2 - top part of the secondary winding of the transformer, 

           C1-C2 - shorted part of the secondary winding of the transformer, 

           D1-D2 - the bottom part of the secondary winding of the transformer. 

 

Input parameters of the power transformer are:  

1) System frequency. 

2) Transformer MVA .  

3) Nominal voltage of each sub coil. 

4)  Leakage reactance of each sub coil.  

 

4.2.4.1 The calculation of the leakage reactance of the power transformer  

 

The load current flows into the winding results in the magnetic field around the winding.  This 

field is the leakage flux field which exists in the spaces occupied by the windings and in the 

spaces between windings.  The leakage flux results in the impedance between windings.  This 

impedance is termed as leakage reactance.    

 

The inductance of the winding can be defined as: 

                                                             ὒ
Ⱦ

                                                   (4.3) 
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Where     N - number of turns of the winding,  

                l - the mean length of the magnetic circuit,   

               ɛ0 - the permeability,  

              Ag - cross-sectional area of core.  

The leakage reactance is: 

                                                                         ὢ                                                            (4.4) 

Where    f - the signal frequency, 

              L - the inductance.  

The magnitude of the leakage reactance depends on the number of turns of the winding, the 

leakage field, the current in the winding, and the geometry of the winding and core.  The load 

current through the leakage reactance results in voltage drop.  Leakage reactance is termed as 

percent leakage reactance.  It is the ratio of the reactance voltage drop to the winding voltage 

multiplied by 100%.   

 

To calculate the leakage reactance, first the inductance has to be calculated.   Inductances for a 

single phase power transformer with the internal turn-to-turn fault were obtained using the Finite 

Element Analysis [41] - [42].  The parameters of a single phase transformer are given in Table A.5 

in Appendix A.  The calculation of the leakage reactance of a single phase transformer for 

different percentages of shorted turns on the primary and secondary windings is specified in 

Tables A.6 - A.7 in Appendix A.  

 

 

4.3 Modeling differential relays in PSCAD  

 

To protect three phase power transformers against internal turn-to-turn faults, the traditional 

transformer differential protection and the proposed method based on negative sequence currents 

are used.  Models of both protection methods are described below. 
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4.3.1 Traditio nal differential protection method 

 

To detect internal turn-to-turn faults the traditional protection relay can be used.  The three phase 

differential relays have three single phase differential relays for each phase.  Each differential 

relay has a differential component which has 2 elements: 

 

¶ The restraint windings.  Currents in the restraint windings tend to prevent tripping.  

¶ The operating winding.     

 

  4.3.1.1 The percentage differential slope  

 

In the percentage differential relay, the differential current must exceed a fixed percentage of the 

through current in the transformer.  The through current is referred to as the restraint current and 

is defined as the average of the primary and the secondary currents [9]: 

 

                                                                Ὅ Ὅ Ὅ   ὑ                                                        (4.5) 

 

Where K- a compensation factor, generally equals 0.5 or 1.   

 

The relay will operate when the differential current (Id) is greater than the restraining current (Ir): 

 

                                                             Ὅ ὛὒὖɇὍ                                                                                                 (4.6) 

 

Where    Ir - restraint current, 

           Ὓὒὖ - the slope of the percentage differential characteristic is generally expressed as a  

                 percent value: typically 10%, 20%, and 40%. 

 

A percentage slope SLP of differential relay has been selected and adjusted to make the relay to 

be insensitive to mismatch between CT currents and relay tap setting, differences in accuracy of 
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the CTs on either side of the transformer bank during faults, and to transformer tap changing 

(TTC).  The slope of the percentage differential relay determines the trip zone.  

 

The procedure of selecting the percentage differential slope (SLP) is [25]:  

1. To calculate the rated currents at both voltage levels.   

2. To select current transformers.  For increased sensitivity, current transformer ratios have to 

be close to the rated current values as possible.   

3. To calculate the current transformer secondary currents.   

4. To calculate relay currents. 

5. Select the relay taps that have a ratio as close as possible to the relay current ratio.  Select 

TL and TH.    

6. To calculate the percentage of the currentôs mismatch to ensure that the relay taps selected 

have an adequate safety margin.     

                               

                                                                       ὓ

Ὅὒ
ὍὌ   

Ὕὒ
ὝὌ
 

Ὓ
ρzππϷ                                                              (4.7) 

      Where IL, IH   -  relay input currents at the same kVA base for low and high voltage  

                            sides respectively. 

                TL, TH   - relay tap settings for low and high voltage sides respectively. 

                           S  - smaller of the two terms, 
   
  or   .  

 

7. To calculate a difference in accuracy of the CTôs on either side of the transformer bank. 

 

To select the proper percentage slope for the relay characteristic when the information on 

unequal CT errors is not available, then an appropriate assumption can be made.  It is reasonable 

to assume that the errors in the two CTs will not be more than 10% under all fault conditions.  

Therefore, the percentage differential slope for the relay can be selected including about 5% of 

safety margin.  
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4.3.2 Description of the negative sequence currentsô fault detection 

component 

 

The new differential protection method works if the protected power transformer is connected to 

some load so that currents can flow on both sides of the protected power transformer.  The 

proposed method based on negative sequence currentsô has the negative sequence currents fault 

detection component.  

The first step is to extract magnitudes of negative currents.  To extract these magnitudes, the Fast 

Fourier Transform (FFT) block can be used.  The FFT can determine the harmonic magnitude 

and phase of the input signal as a function of time.  The FFT is a process of multiplying a signal 

by a sinusoid in order to determine frequency components of a signal.  First the input signal is 

sampled before it is decomposed into harmonic constituents.  The FFT provides the option of 

using one, two or three inputs.  In the case of three inputs, the FFT block can take a three phase 

input and calculates the FFT output through a sequencer whose outputs are: positive (Mag+), 

negative (Mag-), and zero (Mag0) sequence magnitude components and positive (Ph+), negative 

(Ph-), and zero (Ph0) sequence phase components as shown in Figure  4.9.  
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(a) Secondary side FFT block 

Figure 4.8 ï Magnitudes and phase angles of sequence components produced by FFT blocks 

 

Where ISA1, ISB1, ISC1 - secondary phase currents produced by CTôs on the primary side of TR 

                                 in phase A, B, and C respectively, 

              ISA2, ISB2, ISC2 - secondary phase currents produced by CTôs on the secondary side of TR  

                                 in phase A, B, and C respectively, 

                          INS_P  - magnitude of the negative sequence current on the primary side of TR 

                                 scaled down using CT, 

                           INS_S - magnitude of the negative sequence current on the secondary side of TR 

                                 scaled down using CT, 

                       INS_P_ph - phase angle of the negative sequence current on the primary side of TR, 

                      INS_S_ph  - phase angle of the negative sequence current on the secondary side of TR.   

 

The second step is to check the magnitudes of the negative sequence currents from both sides of 

the transformer.  As it was mentioned in Chapter 3, the magnitudes of negative sequence currents 

(INS_P and INS_S) on both sides of the power transformer have to be higher than a pre-set level.  

The pre-set level was chosen to be 1%.  The maximum current on the secondary side of the 

current transformer is 5 A.  Therefore, 1% is 0.05 A.  Magnitudes of negative sequence currents 

were extracted from the FFT blocks.   

 

To compare magnitudes of negative sequence currents with a pre-set level, a comparator has 

been used.  This component compares two inputs.  The output from the comparator is a level 

output which is obtained when one signal is above the other signal.  The comparison of negative 

sequence currents with a pre-set level using the comparator is depicted in Figure 4.9.   
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Figure 4.9 ï Comparison of negative sequence currents with a pre-set level  

 

Second, if the contribution of negative sequence currents from both sides of the transformer is 

less than a pre-set level, then a directional comparison is not done to avoid the possibility of 

making a wrong decision.   

 

But if the contribution of negative sequence currents from both sides of the power transformer is 

more than a pre-set level, then a directional comparison can be done and a phase angle between 

two phasors of negative sequence currents can be found.  

 

If outputs (D1 and D2) from both comparators are 1, which means that both magnitudes of 

negative sequence currents are greater than a pre-set level, then a phase angle between two 

negative sequence currents can be checked.  Phase angle comparison between two phasors of 

negative sequence currents is shown in Figure 4.10. 
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Figure 4.10 ï Phase angle comparison between two phasors of negative sequence currents 

 

As it is shown in Figure 4.10, two 2 input selectors have been used in phase angle comparison.   

The output from the selector will be A or B depending on the value of Ctrl.  If the value of Ctrl is 

1, then the output of the selector 1 will be INS_P_ph, and if the value of Ctrl of the selector 2 is 1, 

then the output will be INS_S_ph.  Then using the Summing/Differencing Junctions block, the 

difference between these two angles can be found.  If the difference is in the range between 0-5 

degrees, then an internal fault is indicated and a trip command is issued.  

 

 

4.4 Summary   

This chapter gives a detailed description of the components of the modelled power system under 

study.  Also, models of the traditional differential protection and the proposed technique based 

on negative sequence currents are presented in this chapter.  The PSCAD/EMTDC software 

(version 4.2.1) is used to model the power system and design the traditional differential relay 

model and the differential relay based on negative sequence currentsô models.    The model of the 
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proposed relay based on negative sequence currents has the negative sequence currentsô fault 

detection component.  The operation of the negative sequence currentsô fault detection 

component is described.   
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CHAPTER 5 

TEST RESULTS  

 

 

5.1 Introduction 

 

This chapter presents the test results using the protection method based on negative sequence 

currents and the traditional differential protection method.  The purpose of these studies is to 

detect minor internal turn-to-turn faults within the power transformer using both methods and 

compare their performance for various cases.  

 

 

5.2 Performance of the traditional differential protection  

 

The purpose of this study is to investigate the performance of the traditional differential 

protection for internal turn-to-turn faults.  The transformer winding fault is the most difficult 

fault to detect within the power transformer.  The most difficult aspect of it is providing power 

transformer protection when only a few turns are shorted.  As it is known, the changes in 

magnitude of the transformerôs terminal currents are very small when a limited number of turns 

are shorted within the power transformer.  IEEE Standard indicates that at least 10% of the 

transformer winding has to be shorted to cause detectable change in the terminal current.  

Therefore, when fewer numbers of turns are shorted, it will result in an undetectable amount of 

current [5].   

 

The first step is to investigate how accurately the traditional differential protection can detect 

minor internal turn-to-turn faults. The internal turn-to-turn fault occurred on the secondary 

winding (HV side) in phase C of the power transformer as depicted in Figure 5.1.  The time 

taken to apply the fault is 3 seconds with duration of 0.4 seconds.  In this study, the restraint 

characteristic has been set to 20%.  
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Figure 5.1 ï Internal turn-to-turn fault on the secondary winding of the power transformer   

 

 

5.2.1 Differential current versus restraining current  

 

The next sets of figures show the differential and restraining currents of the traditional differential 

protection for an internal turn-to-turn fault for various percentages of shorted turns on the 

secondary winding in phase C of the power transformer and trip signals from the relay.   

 

Figures 5.2 - 5.4 show that the differential current (FdiffC) remains above the value of the 

restraining current (FresC) which means that the traditional differential relay will operate for 

internal turn-to-turn faults when a higher number of turns (for example 25%, 15%, and 10% of 

turns) are shorted.   

 

 

 

S1 
CT1 

Traditional 

differential relay 

 S2 
CT2 
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(a) Differential and restraining current 

 

             

(b) Trip signal 

Figure 5.2 ï Traditional differential relay response when 25% of turns are shorted 

 

 

(a) Differential and restraining current 

 

 

(b) Trip signal 

Figure 5.3 ï Traditional differential relay response when 15% of turns are shorted 
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(a) Differential and restraining current 

 

 

(b) Trip signal 

Figure 5.4 ï Traditional differential relay response when 10% of turns are shorted 

 

Figures 5.5 - 5.7 show that the restraining current (FresC) remains above the value of the 

differential (FdiffC) current which means that the traditional differential relay does not operate for 

internal turn-to-turn faults when a small number of the turns are shorted (for example 5%, 3%, 

and 1% of turns are shorted on the secondary winding of the power transformer).  The restraint 

characteristic has been set to 20% and a minor internal turn-to-turn fault when 5%, 3%, and 1% 

of turns are shorted causes a differential current to be less than 20%.  For this reason, the 

traditional differential protection cannot detect a turn-to-turn fault for these three cases with 

small number of turns shorted.   

 

The results in Figures 5.5 - 5.7 are in agreement with the IEEE Standard which states that at least 

10% of turns have to be shorted in order to detect internal turn-to-turn faults.  
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(a) Differential and restraining current 

 

             

(b)Trip signal 

Figure 5.5 ï Traditional differential relay response when 5% of turns are shorted 

 

   
(a) Differential and restraining current 

 

               

(b) Trip signal 

Figure 5.6 ï Traditional differential relay response when 3% of turns are shorted 
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(a) Differential and restraining current 

 

           

(b) Trip signal 

Figure 5.7 ï Traditional differential relay response when 1% of turns are shorted 

 

The above results show that the transformer protection requires a new sensitive method to detect 

minor internal turn-to-turn faults (especially when less than 10% of turns are shorted).   

 

 

5.2.2 Primary and secondary phase currents during internal turn -to-turn  faults  

 

The traditional differential protection is not sensitive enough to detect minor internal turn-to-turn 

faults within the power transformers because the changes in the transformerôs terminal current are 

quite small and the ratio of transformation between the whole winding and the short-circuited 

turns is quite small.   

 

The next sets of figures show phase currents on the primary side (Ia1, Ib1, Ic1) of the power 

transformer and on the secondary side (Ia2, Ib2, Ic2)  during the internal turn-to-turn fault on the 

secondary winding in phase C for various percentages of shorted turns.  
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As it can be seen from Figures 5.8 - 5.10, the changes in the transformer terminalôs current in 

phase C due to the internal turn-to-turn fault when 25%, 15%, and 10% of turns are shorted on the 

secondary winding, are sufficiently large enough.  Because these changes are sufficiently large 

enough, the traditional differential protection can detect the internal turn-to-turn fault for these 

cases.  

 

              

(a) Primary side of the power transformer  

 

        

                                  (b) Secondary side of the power transformer 

Figure 5.8 ï Phase currents on both sides when 25% of turns are shorted  
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(a) Primary side of the power transformer  

 

 

       

(b) Secondary side of the power transformer 

Figure 5.9 ï Phase currents on both sides when 15% turns are shorted 
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(a) Primary side of the power transformer  

 

           

(b) Secondary side of the power transformer 

Figure 5.10 ï Phase currents on both sides when 10% of turns are shorted 

 

Figures 5.11 - 5.13 show that the changes in the transformer terminalôs current due to the internal 

turn-to-turn fault in phase C in the power transformer are quite small when less turns are shorted. 

As it can be seen, the transformer terminalôs current in phase C during the internal turn-to-turn 

faults is almost the same as the current during normal operation.  The results shown above 

further demonstrate that it is difficult to detect minor internal turn-to-turn faults using the 

traditional differential protection.  
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(a) Primary side of the power transformer  

 

 

       

                                           (b) Secondary side of the power transformer  

Figure 5.11 ï Phase currents on both sides when 5% of turns are shorted  
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(a) Primary side of the power transformer 

 

 

 

(b) Secondary side of the power transformer 

Figure 5.12 ï Phase currents on both sides when 3%  of turns are shorted 
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(a) Primary side of the power transformer  

 

 

               

(b) Secondary side of the power transformer  

Figure 5.13 ï Phase currents on both sides when 1% of turns are shorted  
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5.3 Performance of the proposed method for  internal turn -to-turn fault s 

 

The purpose of these studies is to demonstrate the effectiveness of the protection technique, 

which is based on negative sequence currents for detecting minor internal turn-to-turn faults in 

power transformers.  

 

In this section the results obtained from the negative sequence currents based protection method 

are organized under the following subsections: 

a. Different number of shorted turns of the power transformer. 

b. Different values of the fault resistances.  

c. Different values of the system parameters. 

d. Different connections of the power transformer. 

e. CT saturation. 

f. Inrush current. 

 

Performance of the proposed method based on negative sequence currents will also be compared 

with the performance of the traditional differential protection method.   

 

 

5.3.1 Turn-to-turn faults on the secondary winding of the power transformer 

connected in Y-Y 

 

In this study, an internal turn-to-turn fault occurred on the secondary winding (HV side) in phase 

C of the power transformer connected in Y-Y.  The time taken to apply the fault is 3 seconds 

with duration of 0.4 seconds.  The total number of the turns on the secondary winding is 866 

turns.  

 

The negative sequence currents are going to be present on both sides of the power transformer 

with different magnitudes.  Figures 5.14 - 5.19 show the magnitude of the negative sequence 

current on the primary side (INS_P) and the magnitude of the negative sequence current on the 

secondary side (INS_S) for different percentages of shorted turns.  The magnitude of the negative 
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sequence current on the faulty side (INS_S) is greater than the magnitude of the negative sequence 

current on the other side (INS_P) as expected. 

 

          

Figure 5.14 ï Negative sequence current magnitudes for 25% shorted turns on secondary (Y-Y) 

 

        

Figure 5.15 ï Negative sequence current magnitudes for 15%  shorted turns on secondary (Y-Y) 

 

        

Figure 5.16 ï Negative sequence current magnitudes for 10%  shorted turns on secondary (Y-Y) 
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Figure 5.17 ï Negative sequence current magnitudes for 5%  shorted turns on secondary (Y-Y) 

 

       

   Figure 5.18 ï Negative sequence current magnitudes for 3%  shorted turns on secondary (Y-Y) 

 

        

Figure 5.19 ï Negative sequence current magnitudes for 1%  shorted turns on secondary (Y-Y) 
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Figures 5.20 - 5.25 show ózooming inô on the magnitudes of the two components of the total 

negative sequence current for various percentages of shorted turns.  Magnitudes of negative 

sequence currents are compared with a pre-set level which is 1 % (0.05 A) of the differential 

protectionôs base current.   

     

      

       

  Figure 5.20 ï Zooming in on negative sequence current magnitudes for 25%  

shorted turns on secondary (Y-Y) 

 

 

 

Figure 5.21 ï Zooming in on negative sequence current magnitudes for 15% 

 shorted turns on secondary (Y-Y)                  
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Figure 5.22 ï Zooming in on negative sequence current magnitudes for 10%   

shorted turns on secondary (Y-Y) 

 

              

Figure 5.23 ï Zooming in on negative sequence current magnitudes for 5%  

shorted turns on secondary (Y-Y) 

 

 

       Figure 5.24 ï Zooming in on negative sequence current magnitudes for 3%   

shorted turns on secondary (Y-Y) 
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Figure 5.25 ï Zooming in on negative sequence currents magnitudes for 1%  

shorted turns on secondary (Y-Y) 

 

Figures 5.26 - 5.31 show the relative phase angle between two phasors of negative sequence 

currents during the internal turn-to-turn fault, which represent the respective contribution.   

 

Theoretically, the phase angle between two phasors of negative sequence currents has to be 0 

degrees, but in reality there are some other arbitrary phase angle shift caused by the quite high 

current in the shorted turns.  For the modelled power system, the phase angle shift between two 

phasors of negative sequence currents is set from 0 to 5 degrees in order to ensure a very 

sensitive turn-to-turn fault detection.  

 

                  

Figure 5.26 ï Phase angle comparison between two negative sequence currents for 25% 

shorted turns on the secondary (Y-Y) 
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  Figure 5.27 ï Phase angle comparison between two negative sequence currents for 15%  

shorted turns on secondary (Y-Y) 

 

 

 Figure 5.28 ï Phase angle comparison between two negative sequence currents for 10% 

shorted turns on secondary (Y-Y) 

 

                           

   Figure 5.29 ï Phase angle comparison between two negative sequence currents for 5%   

shorted turns on secondary (Y-Y) 
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             Figure 5.30 ï Phase angle comparison between two negative sequence currents for 3% 

shorted turns on secondary (Y-Y) 

 

    

Figure 5.31 ï Phase angle comparison between two negative sequence currents for 1% 

shorted turns on secondary (Y-Y) 

 

Figures 5.32 - 5.37 show output signals from the proposed technique based on negative sequence 

currents for different percentages of shorted turns on the secondary winding of the power 

transformer.  It can be seen from these figures that the proposed method can detect minor 

internal turn-to-turn faults as low as 1% (8 turns) of shorted turns on the secondary winding in 

phase C.  A turn-to-turn fault for different percentages of shorted turns was detected within one 

cycle (0.16 seconds).  
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Figure 5.32 ï Trip signal from the proposed relay for 25% shorted turns on secondary (Y-Y) 

 

       

Figure 5.33 ïTrip signal from the proposed relay for 15% shorted turns on secondary (Y-Y) 

                         

         

Figure 5.34 ï Trip signal from the proposed relay for 10%  shorted turns on secondary (Y-Y) 

 
 

       

Figure 5.35 ï Trip signal from the proposed relay for 5% shorted turns on secondary (Y-Y) 
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Figure 5.36 ï Trip signal from the proposed relay for 3% shorted turns on secondary (Y-Y) 

 

              

Figure 5.37 ï Trip signal from the proposed relay for 1%  shorted turns on secondary (Y-Y) 

 

 

 

5.3.1.1 Sensitivity analysis of the proposed relay for turn -to-turn faults on the 

secondary winding (Y-Y) 

 

1. Effect of the fault resistance  

 

The fault resistance is associated with the fault impedance path.  The fault resistance may affect 

the performance of the proposed technique based on negative sequence currents and result in 

unreliable response of the relay.  It should be noted that if a turn-to-turn fault involves a fault 

resistance, then the sensitivity of the proposed technique is going to be reduced, but it should 

also be noted that the fault resistance is going to have the same effect even on a traditional 

differential protection.   
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Table 5.1 gives the values of the negative sequence currents on the primary and secondary 

windings of the power transformer for a bolted turn-to-turn fault (Rf = 0Ý) which were obtained 

from simulation.  As it can be seen from Table 5.1, the proposed technique based on negative 

sequence currents is sensitive in detecting a turn-to-turn fault for a bolted turn-to-turn fault for 

all cases. 

 

    Table 5.1 ï Turn-to-turn fault on the secondary winding of the power transformer connected in 

Y- Y for various percentages of shored turns (Rf = 0Ý)  

 

Shorted turns, 

% 

 

 

 

INS_P, A 

 

 

INS_S, A 

 

 

Output signal  

 

 

Trip action 

 

Trip time, ms  

25 0.708 1.883 Trip 4 

15 0.415 1.058 Trip 5.24 

10 0.328 0.790 Trip 6.25 

   5 0.262      0.577      Trip 9 

   3 0.242      0.496     Trip 9.30 

   1 0.234 0.421     Trip 9.30 

 

 

Faults are seldom solid and involve a varying amount of resistance.  For the purpose of testing a 

protective technique it is usually assumed that a small resistance is involved.  Therefore, to make 

the studies more realistic, a fault resistance Rf = 1Ý was included in the studies shown next.  

 

Table 5.2 gives the measured values of the negative sequence currents on the primary and 

secondary windings of the power transformer for the arcing turn-to-turn fault with the fault 

resistance of 1 Ý.  As it can be seen from Table 5.2, the sensitivity of the proposed technique is 

reduced.   
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Table 5.2 ï Turn-to-turn fault on the secondary winding of the power transformer connected in Y-Y 

for various percentages of shored turns (Rf = 1Ý) 

 

Shorted turns, 

% 

 

 

 

 

INS_P, A 

 

 

 

INS_S, A 

 

 

Output signal  

 

 

Trip action 

 

Trip time, ms  

25 0.707 1.880 Trip 4.028 

15 0.413 1.054 Trip 5.26 

10 0.321 0.782 Trip 6.55 

   5 0.241      0.533      Trip 9.26 

   3 0.167      0.344      Trip 9.45 

   1 0.030 0.050      No Trip - 

 

 

2. Effect of different system parameters  

The sensitivity of the proposed technique is studied using different system parameters.  A power 

transformer has been installed in two different system configurations.  The negative sequence 

currents are going to be present on both sides of the power transformer with different magnitudes.  

The magnitude of the negative sequence current on the faulty side is greater than the magnitude of 

the negative sequence current on the other side.  The magnitudes of the negative sequence currents 

depend on the magnitudes of the negative sequence impedances of circuits on the respective sides of 

the power transformer.  It is known that when the magnitude of the impedance increases then the 

magnitude of the current will decrease.  

The results given in Table 5.3 show the performance of the proposed technique using different 

system parameters on both sides of the power transformer.  It can be seen from Table 5.3 that the 

proposed technique is going to operate correctly even with different values of system parameters.  
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Table 5.3 ï Results using different system parameter values (Y-Y transformer, turn-to-turn fault 

applied on the secondary winding) 

 

Shorted 

turns,% 

 

 

 

Impedance 

source 1, 

Ý 

 

Impedance 

source 2, 

Ý 

 

 

INS_P, A 

 

 

 

INS_S, A 

 

 

Output signal 

 

Trip action Trip time, ms 

    25 

 

1.6 17.95 0.290 2.51 Trip 6.24 

3 52.9 0.558 1.99 Trip 4 

    15 

 

1.6 17.95 0.177 1.365      Trip 10.25 

3 52.9 0.328 1.130      Trip 6.25 

    10 

 

1.6      17.95 0.146 1.007      Trip      10.25 

3      52.9 0.257 0.846      Trip      9.25 

     5     1.6     17.95 0.131 0.728      Trip      10.26 

    3       52.9     0.208     0.627      Trip      9.25 

     3        1.6 17.95 0.125 0.631        Trip  10.27 

         3 52.9 0.191 0.542  Trip 9.24 

     1        1.6 17.95 0.125 0.541  Trip 10.27 

         3 52.9 0.181 0.466  Trip 9.26 

 

 

 

5.3.2 Turn-to-turn faults on the primary winding  of the power transformer 

connected in Y-Y 

 

In this study, an internal turn-to-turn fault was applied on the primary winding (LV side) in 

phase C of the power transformer connected in Y-Y.  There is no current transformer saturation.  

The total number of turns on the primary winding is 150 turns.   

 

The magnitude of the negative sequence current on the primary side (INS_P) and the magnitude of 

the negative sequence current on the secondary side (INS_S) for different percentages of shorted 
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turns on the secondary winding in phase C of the power transformer are shown in Figures 5.38 - 

5.42.  Since, a turn-to-turn fault is applied on the primary winding, the magnitude of the negative 

sequence current on the primary side (INS_P) is greater than the magnitude of the negative 

sequence current on the secondary side (INS_S).   

 

 

 

Figure 5.38 ï Negative sequence current magnitudes for 25%  shorted turns on primary (Y-Y) 

 

 

 

Figure 5.39 ï Negative sequence current magnitudes for 15%  shorted turns on primary (Y-Y) 
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 Figure 5.40 ï Negative sequence current magnitudes for 10%  shorted turns on primary (Y-Y) 

 

 

        

Figure 5.41 ï Negative sequence current magnitudes for 3%  shorted turns on primary (Y-Y) 

 

 

            

Figure 5.42 ï Negative sequence current magnitudes for 1% shorted turns on primary (Y-Y) 
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óZooming inô on magnitudes of the two components of the total negative sequence current for 

different percentages of shorted turns is shown in Figures 5.43 - 5.47.  Magnitudes of negative 

sequence currents are compared with a preset level which is 1 % (0.05 A) of the differential 

protectionôs base current. 

 

 

  

Figure 5.43 ï Zooming in on negative sequence current magnitudes for 25% shorted turns on 

primary (Y-Y)  

 

 

         

Figure 5.44 ï Zooming in on negative sequence current magnitudes for 15% shorted turns on 

primary (Y-Y) 
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Figure 5.45 ï Zooming in on negative sequence current magnitudes for 10% shorted turns on 

primary (Y-Y) 

 

       

   Figure 5.46 ï Zooming in on negative sequence current magnitudes for 3% shorted turns on 

primary (Y-Y) 

 

 

Figure 5.47 ï Zooming in on negative sequence current magnitudes for 1% shorted turns on 

primary (Y-Y) 
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Figures 5.48 - 5.52 show the relative phase angle between two phasors of negative sequence 

currents for various percentages of shorted turns on the primary winding. 

 

      

 

Figure 5.48 ï Phase angle comparison between two negative sequence currents for 25% shorted 

turns on primary (Y-Y) 

 

 

 

Figure 5.49 ï Phase angle comparison between two negative sequence currents for 15% shorted 

turns on primary (Y-Y) 
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Figure 5.50 ï Phase angle comparison between two negative sequence currents for 10% shorted 

turns on primary (Y-Y) 

 

 

Figure 5.51 ï Phase angle comparison between two negative sequence currents for 3% shorted 

turns on primary (Y-Y) 

 

 

Figure 5.52 ï Phase angle comparison between two negative sequence currents for 1% shorted 

turns on primary (Y-Y) 


