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Study of Power Transformer Abnormalities and IT Applications in Power 
Systems 

 
Xuzhu Dong 

(ABSTRACT) 

 With deregulation, diagnosis and maintenance of power equipment, especially power 

transformers, become increasingly important to keep power systems in reliable operation. 

This dissertation systematically studied two kinds of transformer failure and abnormality 

cases, and then developed a new Internet based Virtual Hospital (VH) for power equipment 

to help power equipment diagnosis and maintenance.  

A practical case of generator-step-up (GSU) transformer failures in a pumped storage 

plant was extensively studied. Abnormal electrical phenomena associated with GSU 

transformers, including switching transients and very fast transients (VFT), and lightning, 

were analyzed. Simulation showed that circuit breaker restriking could be a major cause of 

transformer successive failures, and current surge arrester configuration did not provide 

enough lightning protection to GSU transformers. Mitigation of abnormal electrical 

phenomena effects on GSU transformers was proposed and discussed. The study can be a 

complete reference of troubleshooting of other similar transformer failures. 

Geomagnetically induced current (GIC) is another possible cause of transformer 

abnormality. A simplified method based on the equivalent magnetizing curve for 

transformers with different core design was developed and validated to estimate harmonic 

currents and MVar drawn by power transformers with a given GIC. An effective indicator 

was proposed using partial harmonic distortion, PHD, to show when the transformer begins 

saturating with the input GIC. The developed method has been applied to a real time GIC 

monitoring system last year for a large power network with thousands of transformers. 

A new Internet based Virtual Hospital (VH) for Power Equipment was conceptually 

developed to share experience of power equipment diagnosis and maintenance, and update 

the existing diagnostic techniques and maintenance strategies, and a comprehensive 

information model was developed for data organization, access, and archiving related to 
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equipment diagnosis and maintenance. An Internet based interactive fault diagnostic tool has 

been launched for power transformers based on dissolved gas analysis (DGA).  

The above results and findings can help improving power equipment diagnosis and utility 
maintenance strategies.  

 

 



 iii

ACKNOWLEDGEMENT 

I would like to express my deepest gratitude to my advisor, Dr. Yilu Liu for her guidance, 

encouragement, and her friendship throughout this study. She is always there when I need 

help, not only in academics, but also in all aspects of my student life at Virginia Tech.  

I also would like to thank my Ph.D. committee members Dr. Arun G. Phadke, Dr. Robert 

Broadwater, Dr. Alex Huang, and Dr. Tao Lin for their valuable comments on this work and 

serving on my dissertation committee. 

I also would like to thank Dr. Nien-chung Wang of Taiwan Power Company, Dr. John G. 

Kappenman of Metatech Company, and Dr. Steven D. Sheetz of Department of Accounting 

and Information Systems at Virginia Tech for their technical help. 

A special note of recognition and appreciation goes to Dr. Zhenyuan Wang, Mr. Sebastian 

P. Rosado, Mr. Frank A. LoPinto, and Kevin P. Scheibe for their involvement and 

corporation.  

Finally, the most sincere appreciation goes to my wife, Haili Xue, and my family for their 

companionship, great understanding and continuous encouragement in my study. 

 

 

 

 

 

 

 

 



 iv

 

 

 

DEDICATED To 

 

 

My lovely family 

and my two-year-old daughter, Wendy Dong



 v

TABLE OF CONTENTS 

ABSTRACT ............................................................................................................................ i 

ACKNOWLEDGEMENT ....................................................................................................... iii 

DEDICATORY........................................................................................................................ iv 

TABLE OF CONTENTS.......................................................................................................... v 

LIST OF FIGURES .................................................................................................................. x 

LIST OF TABLES................................................................................................................. xiii 

 
CHAPTER 1 - INTRODUCTION 

1.1. Overview ........................................................................................................................ 1 

1.1.1. Transformer Failure and Abnormality ................................................................ 1 

1.1.2. IT Applications in Power Equipment Diagnosis and Maintenance .................... 3 

1.2. The Objective and Scope of This Dissertation............................................................... 3 

1.2.1. Area of Interest ................................................................................................... 3 

1.2.2. Contributions Through the Research .................................................................. 5 

1.2.3. Outline of This Dissertation................................................................................ 5 

 

CHAPTER 2 - OVERVIEW OF GSU TRANSFORMER FAILURES 

2.1. Statistical Analysis of GSU Transformer Failures ........................................................ 7 

2.2. Effects of Electrical Transients and Lightning on Transformers .................................. 9 

2.2.1. Effects of Temporary Overvoltages on Transformers ..................................... 10 

2.2.2. Effects of Switching Transients on Transformers ........................................... 11 

2.2.3. Effects of Very Fast Transients (VFT) on Transformers ................................. 13 

2.2.4. Effects of Lightning Overvoltages on Transformers ....................................... 17 

2.3. Effects of Harmonics and Transients Resulting from Power Conversion Equipment on 

Transformers ............................................................................................................... 19 

2.4. Summary ...................................................................................................................... 21 

 

CHAPTER 3 - STUDY OF SWITCHING TRANSIENTS EFFECTS ON GSU 
TRANSFORMERS  

3.1. Introduction ................................................................................................................. 22 

3.1.1. Overview of Operation in the Pumped Storage Plant ...................................... 22 



 vi

3.1.2. Operation Characteristics ................................................................................. 24 

3.2. System Modeling ......................................................................................................... 24 

3.2.1. Overview .......................................................................................................... 25 

3.2.2. Modeling of GIS Components and Connected Equipment .............................. 25 

3.2.3. Arc Modeling ................................................................................................... 30 

3.2.4. System Network Reduction ............................................................................. 30 

3.3. Simulation Strategy ..................................................................................................... 30 

3.3.1. Possible Transients Causes .............................................................................. 30 

3.3.2. Simulation Setting ............................................................................................ 32 

3.3.3. Analysis Strategy ............................................................................................. 33 

3.3.4. Description of the Simulation Circuit .............................................................. 33 

3.4. Simulation of Switching Transients Using the Back-to-back Starting Method .......... 35 

3.4.1. Case 1 – Unit 2 Started by Unit 1 .................................................................... 35 

3.4.2. Case 2 – Unit 5 Started by Unit 1 .................................................................... 41 

3.4.3. Discussion ........................................................................................................ 42 

3.5. Simulation of Switching Transients When Units Are Disconnected from the GIS .... 44 

3.6. Frequency Scan of the Transformer HV Winding ...................................................... 46 

3.7. Approach to Mitigate the Effects of Switching Transients and VFT on GSU 

Transformers ............................................................................................................... 47 

3.8. Summary and Discussion ............................................................................................ 50 

 

CHAPTER 4 - STUDY OF LIGHTNING OVERVOLTAGE EFFECTS ON GSU 
TRANSFORMERS 

4.1. Introduction ................................................................................................................. 53 

4.1.1. Characterization of Lightning Overvoltages Seen by GSU Transformers ...... 53 

4.1.2. Field Lightning Statistics ................................................................................. 53 

4.2. Simulation Strategy ..................................................................................................... 54 

4.3. Case 1 - All Arresters Are Disabled ............................................................................ 56 

4.4. Case 2 - The Original Arrester Configuration ............................................................. 57 

4.5. Case 3 - An Extra Arrester Is Installed at the Tr.#1 Terminal ..................................... 58 

4.6. Analysis of Lightning Overvoltage Simulation ........................................................... 58 

4.7. Approach to Lower the Lightning Overvoltages at Transformer Terminals ............... 59 



 vii

4.8. Summary and Discussion ............................................................................................ 61 

 

CHAPTER 5 - STUDY OF HARMONICS AND REACTIVE POWER CONSUMPTION 
FROM GIC SATURATED TRANSFORMERS 

5.1. Introduction ................................................................................................................. 63 

5.2. Description of the Simplified Approach  ..................................................................... 64 

5.2.1. Assumptions ..................................................................................................... 64 

5.2.2. Iteration Algorithms ......................................................................................... 66 

5.2.3. Treatment of Auto Transformers ..................................................................... 67 

5.2.4. Simplified Algorithm for Single-phase Transformers ..................................... 67 

5.2.5. Treatment of Three-phase Transformers ......................................................... 68 

5.3. Verification of Simulation Results .............................................................................. 70 

5.4. Case Analysis and Comparison ................................................................................... 70 

5.4.1. The Exciting Current Harmonics ..................................................................... 72 

5.4.2. Reactive Power Consumption .......................................................................... 75 

5.4.3. The Indicator of Transformer Saturation ......................................................... 78 

5.5. Discussion of Factors Affecting GIC Induced Saturation ........................................... 79 

5.6. Other Related Issues .................................................................................................... 81 

5.6.1. Calculation of the Time Constant .................................................................... 82 

5.6.2. The Impact of dIdc/dt ........................................................................................ 84 

5.6.3. The Impact of the Initial High Peak of GIC Waveform on Transformer 

Saturation ......................................................................................................... 85 

5.6.4. The Impact of Transformer Load on the GIC Caused Harmonics and MVars 86 

5.7. Summary ...................................................................................................................... 87 

 

CHAPTER 6 - VIRTUAL HOSPITAL FOR POWER EQUIPMENT 

6.1. Introduction ................................................................................................................. 88 

6.1.1. Motivation ........................................................................................................ 88 

6.1.2. Purpose of the Virtual Hospital ........................................................................ 90 

6.2. Internet Applications in Equipment Diagnosis and Maintenance ............................... 91 

6.2.1. Remote Condition Monitoring ......................................................................... 91 

6.2.2. Remote Diagnosis ............................................................................................ 91 



 viii

6.2.3. Networked Maintenance .................................................................................. 92 

6.2.4. Trend of Internet Application in Equipment Maintenance .............................. 93 

6.2.5. Comparison Between the VH in Medicine and in Power ................................ 94 

6.3. Concept of a Virtual Hospital (VH) for Power Equipment ......................................... 94 

6.3.1. Overview .......................................................................................................... 94 

6.3.2. Who Can Be Served by the VH ....................................................................... 95 

6.3.3. VH Collections ................................................................................................. 96 

6.3.4. VH Architecture and Implementation .............................................................. 99 

6.4. Information Model for Power Equipment Diagnosis and Maintenance .................... 102 

6.4.1. Introduction .................................................................................................... 102 

6.4.2. Analysis of Maintenance Information ........................................................... 102 

6.4.3. Modeling of the Maintenance Information .................................................... 104 

6.4.4. Advantages of the Information Model ........................................................... 111 

6.5. Internet Based Fault Diagnostic Tool for Power Transformer .................................. 111 

6.5.1. ANNEPS overview ........................................................................................ 112 

6.5.2. Implementation of Internet Based Diagnosis Tool ........................................ 114 

6.5.3. Discussion ...................................................................................................... 117 

6.6. Summary .................................................................................................................... 118 
 
CHAPTER 7 - CONCLUSIONS 

7.1. Conclusions ............................................................................................................... 119 

7.1.1. Analysis of GSU Transformer Failures in a Pumped Storage Plant .............. 119 

7.1.2. Analysis of GIC Effects on Power Transformers .......................................... 121 

7.1.3. Study of the Virtual Hospital for Power Equipment ...................................... 121 

7.2. Contributions ............................................................................................................. 122 

7.3. Future work ............................................................................................................... 123 
 
 
RELATED PUBLICATIONS .............................................................................................. 124 

VITA ....................................................................................................................... 126 

REFERENCES ..................................................................................................................... 127 

APPENDIX A - TYPICAL SYSTEM DATA OF THE PUMPED STORAGE PLANT .... 139 

APPENDIX B - SWITCHING SEQUENCES IN THE PLANT ......................................... 142 



 ix

APPENDIX C - TYPICAL SIMULATION CIRCUIT ........................................................ 146 

APPENDIX D - INFORMATION MODEL FOR POWER EQUIPMENT DIAGNOSIS 
AND MAINTENANCE................................................................................ 153 

  



 x

LIST OF FIGURES 

 

Fig.3.1. Main electrical schematic of the pumped storage plant ............................................ 23 

Fig.3.2. Simulation of the trapped charge .............................................................................. 32 

Fig.3.3. Typical VFT voltage measurement .......................................................................... 34 

Fig.3.4. Part of the simulation circuit when Unit 2 is started by Unit 1 ................................ 36 

Fig.3.5. Chopping overvoltages seen at the terminals of Tr.#1 (Solid) and #2 (Dash) when 
Unit 2 is started by Unit 1 ........................................................................................ 37 

Fig.3.6. The overvoltages due to CB 3610 restrike when Unit 2 is started by Unit 1 ........... 38 

Fig.3.7. The voltages due to DS 3615 restrike when Unit 2 is started by Unit 1 .................. 40 

Fig.3.8. The voltages due to DS 3625 restrike when Unit 2 is started by Unit 1 .................. 41 

Fig.3.9. The voltages due to CB 3610 restrike when Unit 5 is started by Unit 1 .................. 43 

Fig.3.10. VFT seen at the terminal of Tr.#5 due to DS 3615 restrike when Unit 5 is started by 
Unit 1 ...................................................................................................................... 44 

Fig.3.11. VFT seen at the terminal of Tr.#5 due to DS 3655 restrike when Unit 5 is started by 
Unit 1 ...................................................................................................................... 44 

Fig.3.12. Switching transient seen at the Tr.#1 terminal due to CB 3610 restrike  when Unit 1 
is disconnected from the GIS .................................................................................. 45 

Fig.3.13. Switching transients seen at transformer terminals due to CB 3610 restrike if all 
transformers are in operation .................................................................................. 46 

Fig.3.14. Transformer HV winding Model ............................................................................ 46 

Fig.3.15. The driving point impedance of the transformer HV winding ............................... 47 

Fig.3.16. VFT seen at the Tr.#5 terminal due to DS 3655 restriking when Unit 5 is started by 
Unit 1 ...................................................................................................................... 49 

Fig.3.17. The switching overvoltage at the Tr.#1 terminal due to CB 3610 restriking when 
Unit 2 is started by Unit 1 ....................................................................................... 49 

Fig.4.1. Cumulative probability distribution of lightning peak currents in the plant area ..... 55 

Fig.4.2. Lightning current injection simulation ..................................................................... 56 

Fig.4.3. Lightning overvoltges at the Tr.#1 terminal and other nodes in Case 1 ................... 57 

Fig.4.4. Lightning overvoltges at the Tr.#1 terminal and other nodes in Case 2 ................... 58 

Fig.4.5. Lightning overvoltges at the Tr.#1 terminal and other nodes in Case 3 ................... 59 

Fig.4.6. Lightning overvoltages at the Tr.#1 terminal when other transformers are connected 
to the GIS buses one by one.  ................................................................................... 60 

Fig.5.1. The equivalent magnetizing curve of the transformer .............................................. 67 

Fig.5.2. The simplified magnetic path of the three-phase, 5-legged, core form transformer 69 



 xi

Fig.5.3. The simulated exciting current for a GIC of 11.5 A per phase (single-phase, core 
form transformer) ..................................................................................................... 71 

Fig.5.4. The variation of the exciting current with the input GIC per phase ......................... 73 

Fig.5.5. The relationship of the exciting current harmonics and GIC for transformers with 
different core design ................................................................................................. 74 

Fig.5.6. The approximate waveform of the exciting current in case of the transformer 
saturation .................................................................................................................. 75 

Fig.5.7. The variation of the MVar consumption with the input GIC per phase ................... 76 

Fig.5.8. The variation of the MVar consumption with the second harmonic current ............ 77 

Fig.5.9. The variation of THD with the input GIC per phase ................................................ 78 

Fig.5.10. The exciting current for a GIC of 11.5 A per phase (512/242 kV, single-phase, core 
form transformer, f=50 Hz) .................................................................................... 81 

Fig.5.11. The model of the sample network with GIC .......................................................... 83 

Fig.5.12. The relationship of the saturation of the transformer and time .............................. 85 

Fig.5.13. The variation of GIC ............................................................................................... 86 

Fig.5.14. The waveform of the exciting current and its profile ............................................. 87 

Fig.6.1. The overall use case diagram of the VH ................................................................... 97 

Fig.6.2. VH major contents .................................................................................................... 98 

Fig.6.3. The VH application architecture ............................................................................. 100 

Fig.6.4. The VH prototype ................................................................................................... 101 

Fig.6.5. The logical view of the information model ............................................................ 105 

Fig.6.6. The transformer model ........................................................................................... 106 

Fig.6.7. The measurement model ......................................................................................... 107 

Fig.6.8. The diagnosis model ............................................................................................... 108 

Fig.6.9. The failure case model ............................................................................................ 110 

Fig.6.10. The documentation and keywords package .......................................................... 111 

Fig.6.11. ANNEPS flowchart .............................................................................................. 113 

Fig.6.12. Flowchart of the Internet based fault diagnosis tool ............................................. 115 

Fig.C1. Modeling of the GIS bus bay to Chung-Liao #1 ..................................................... 146 

Fig.C2. Modeling of the GIS bus bay to Chung-Liao #2 ..................................................... 146 

Fig.C3. Modeling of the GIS bus bay to Chung-Liao #3 ..................................................... 147 

Fig.C4. Modeling of the GIS bus bay to SSTR #1 .............................................................. 147 

Fig.C5. Modeling of the GIS bus bay to SSTR #2 .............................................................. 147 

Fig.C6. Modeling of the GIS Bus 1 and Bus 3 .................................................................... 148 



 xii

Fig.C7. Modeling of the GIS Bus 2 and Bus 4 .................................................................... 148 

Fig.C8. Modeling of the starting bus ................................................................................... 148 

Fig.C9. Modeling of the bus bay to Tr. #1 and CB 3610 .................................................... 149 

Fig.C10. Modeling of the bus bay to Tr. #2 ........................................................................ 149 

Fig.D1. The class diagram of the information model .......................................................... 154 

Fig.D2. Entities and their attributes ..................................................................................... 155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 xiii

LIST OF TABLES 

 

Table 2.1. Transformer status when the failure happened ..................................................... 10 

Table 2.2. Presumed causes of transformer failures .............................................................. 10 

Table 2.3. Locations of transformer failures .......................................................................... 10 

Table 2.4. The phenomena resulted from transformer failures .............................................. 10 

Table 2.5. Statistics of transformer failures with respect to VFT in GIS .............................. 17 

Table 3.1. Component representation .................................................................................... 26 

Table 3.2. VFT seen at the Tr. #5 terminal due to DS 3615 and 3655 restrikes when Unit 5 is 
started by Unit 1 ................................................................................................... 44 

Table 3.3. Switching transients at the tranformer terminals due to CB 3610 restrike ........... 45 

Table 4.1. Cumulative probability of lightning peak currents in the plant area .................... 54 

Table 4.2. The overvoltage peak value at the Tr. #1 terminal ............................................... 61 

Table 5.1. The comparison of the second harmonic current of transformers with different 
core design between the simulated and measured results ..................................... 71 

Table 5.2. The value of k1 and k2 for different core designs ................................................ 76 

 


