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ABSTRACT 
Power transformers are key components for electrical energy transfer in a power system. 

Stability and security of transformer protection are important to system operation. Many 

maloperation cases of transformer differential protection are caused by inrush current 

problems. The phenomenon of transformer inrush current has been widely discussed in 

literature. Therefore, this research only discussed and analyzed inrush current problems 

to transformer differential protection.  

 

To understand the inrush current problems on differential protection, transformer 

simulation models were presented using Matlab/Simulink. Differential relay simulations 

for internal and external faults, and relay performance during current transformer 

saturation were performed using PSCAD. 

 

Recommendations were made on methods of reducing the blocking time of differential 

protection during inrush conditions. 



 ii

ACKNOWLEDGEMENTS 
I would like to express my gratitude and appreciation to Dr. J.M. Van Coller for the 

supervision of this work. His advice and assistance in the preparation of this research 

project is thankfully acknowledged. 

 

I would also like to thank the following for their contribution to this research: 

 

Professor W.A. Cronje, for his assistance in modeling of power and current transformers 

and comparison to actual measurements; 

 

The School of Electrical and Information Engineering Laboratory staff for their 

assistance in carrying out experiments in the engineering laboratory; 

 

Electrical Engineering Postgraduate Officer, Mrs Moniera Ismail for her assistance in all 

the research requirements and advice; 

 

ABB Protection department for allowing me to carry out tests on their transformer 

protection panels; 

 

Eskom, PTM department for allowing me to carry out field tests on their substations; 

 

Lastly, Electrosense (Pvt), my employers, for allowing me time off from work to carry 

out my research. 

 

 

 

 



 iii

 

 
Lovingly   dedicated     to 

   
 
   my Mother, 

 
 

You are the light of my life. 
 
 
 
 

and 
 
 
 

    To   the   memory   of   my   Father 
 

                                            Elias Tangenhamo Madzikanda 
                                                          

              (1910-1989) 
 
 

  

 

 

 

 

 

 

 

 



 iv

TABLE OF CONTENTS 

CHAPTER 1          
1.0 INTRODUCTION        1 

 1.1 MOTIVATION FOR THIS WORK     2 

  1.2.1 INRUSH CURRENT      4 

  1.2.2 RESIDUAL FLUX      4 

 

CHAPTER 2 POWER SYSTEM PROTECTION 
2.0 INTRODUCTION        6 

 2.1 TRANSFORMER PROTECTION     6 

  2.1.1 PERCENTAGE RESTRAINT    9 

  2.1.2 PROTECTION FAULTS     11 

 2.2 MAGNETIZING INRUSH      13 

  2.2.1 RESTRAINT TO MAGNETIZING INRUSH  17 

 2.3 DIFFERENTIAL RELAYS      22 

  2.3.1 RELAY PERFORMANCE     22  

  2.3.2 RELAY TECHNOLOGY     22 

 2.4 SUMMARY        23 

 

CHAPTER 3 TRANSFORMER SIMULATION   
3.0 INTRODUCTION        24 

 3.1 TRANSFORMER HYSTERESIS     24 

 3.2 TRANSFORMER EQUIVALENT CIRCUIT   27 

3.2.1 EQUIVALENT CIRCUIT     27 

  3.2.2 MATLAB SIMULATION     29 

 3.3 MODEL VALIDATION      32 

  3.3.1 OPEN CIRCUIT TESTS     32 

  3.3.2 SHORT CIRCUIT TESTS     33 

  3.3.3 TRANSFORMER PARAMETERS    34 



 v

CHAPTER 4 CURRENT TRANSFORMER  
4.0 INTRODUCTION        40 

 4.1 PRINCIPLE OF OPERATION     43 

  4.1.1 ACCURACY       43 

  4.1.2 BURDEN       44 

  4.1.3 EXCITATION CHARACTERISTICS   44 

  4.1.4 POLARITY       45 

  4.1.5 CONNECTIONS      46 

 4.2 CT SIMULATIONS       47 

  4.2.1 ANALYSIS OF INRUSH CURRENTS    48 

  4.2.2 CT DRIVEN INTO SATURATION BY DC   49 

  4.2.3 CT DRIVEN INTO SATURATION BY BURDEN  49 

 4.3 SUMMARY        50 

 

CHAPTER 5 RELAY SIMULATION 
5.0 INTRODUCTION        51 

5.1 SETTING & ADJUSTING OF DIFFERENTIAL RELAYS   51 

5.2 DIFFERENTIAL PROTECTION DURING INRUSH   57 

5.3 DIFFERENTIAL PROTECTION TO INTERNAL FAULTS  64 

5.4 DIFFERENTIAL PROTECTION TO EXTERNAL FAULTS  66 

5.5 DIFFERENTIAL PROTECTION WITH CT SATURATION  68 

5.6 SUMMARY         72 

     



 vi

CHAPTER 6 FIELD CASE 
6.0 INTRODUCTION        73 

6.1 ANALYSIS        73 

6.1.1 SIMPLE HARMONIC RESTRAINT   74 

6.1.2 SHARED HARMONIC RESTRAINT   74 

6.1.3 CROSS BLOCKING RESTRAINT    74 

 6.2 SOLUTIONS CONSIDERED     74 

 6.3 SUMMARY        75 

 

CHAPTER 7 ANALYSIS AND CONCLUSION 
7.1 TRANSFORMER DIFFERENTIAL PROTECTION  76 

  7.1.1 INRUSH CONDITIONS     76 

  7.1.2 INTERNAL L FAULTS     77 

  7.1.3 EXTERNAL FAULTS     77 

7.2 TRANSFORMER SIMULATIONS     78 

 7.2.1 FUNDAMENTAL & SECOND HARMONIC  78 

 7.2.2 TRANSFORMER INRUSH MAGNITUDE   78 

 7.2.3 EFFECT OF INRUSH ON PROTECTION RELAY  79 

7.3 DIFFERENTIAL RELAY SIMULATIONS    80 

 7.3.1 PROTECTION AGAINST INRUSH    80 

 7.3.2 PROTECTION TO INTERNAL FAULT   80 

 7.3.3 PROTECTION TO EXTERNAL FAULT   81 

7.4 CONCLUSION       82 

 

REFERENCES 

 

APPENDIX 
 

 



 vii

 

FIGURES 
Figure 2.3: Differential relay with dual slope characteristics 

Figure 2.4: Voltage, Magnetic Flux and Current Waveforms. 

Figure 2.5: Transformer energisation at 0° voltage 

Figure 2.6: Transformer energisation at 0° flux 

Figure 2.7 Transformer energisation at 0° flux (worst case scenario) 

Figure 2.8: Transformer energisation with residual flux 

Figure 2.9:  Typical second harmonic content of inrush current 

Figure 2.10: Logic differential elements 

Figure 3.1:   Voltage Integral versus Current of Resistive Element 

Figure 3.2:  Voltage Integral versus Current of Inductive Element 

Figure 3.3:  Approximate representation of Transformer Hysteresis 

Figure 3.4: Transformer Equivalent Circuit 

Figure 3.5:  Simplified transformer equivalent circuit  

Figure 3.6 The Matlab/Simulink circuit for the equivalent transformer 

Figure 3.7: Magnetizing Curve at 0° Phase Angle 

Figure 3.8: Transformer Inrush Currents at 0° Phase Angle 

Figure 3.9: Magnetizing Curve at 45° Phase Angle 

Figure 3.10: Transformer Inrush Currents at 45° Phase Angle 

Figure 3.11: Magnetizing Curve at 90° Phase Angle 

Figure 3.12: Transformer Inrush Currents at 90° Phase Angle 

Figure 3.13:  Experimental setup of the open-circuit test 

Figure 3.14: Experimental Setup of Short-Circuit Tests 

Figure 3.15 Transformer short circuit test simulation 

Figure 3.16: Transformer simulation done using Matlab/Simulink  

Figure 4.1 Percentage Slope Characteristic 

Figure 4.2 Saturable Current Transformer 

Figure 4.3 CT driven into saturation by heavy DC offset in inrush or fault 

Figure 4.4 CT driven into saturation by excessive burden or primary current 



 viii

Figure 5.1 Seventeen-bus test system 

Figure 5.2 Three-phase fault 

Figure 5.3 Simulation of differential currents for normal operation and after fault 

inception 

Figure 5.4 Differential currents with adjusted restraining current 

Figure 5.6 Second harmonic phasor magnitude of the operating current 

Figure 5.7: Differential currents and second harmonic of operating current during the 

affect of the inrush current 

Figure 5.8: Second harmonic phasor magnitude of the operating current 

Figure 5.9:  Differential currents and second harmonic of operating current during the 

affect of the inrush current. 

Figure 5.10: Differential currents and second harmonic of operating current just after 

fault inception 

Figure 5.11 Differential currents adjusted to overcome inrush current issues 

Figure 5.13:  Differential currents, phase A-to-ground internal fault, Bus 6 side 

Figure 5.12:  Differential currents, three-phase internal fault, Bus 6 side 

Figure 5.14:  Differential currents, phase A-to-ground internal fault, Bus 9 side 

Figure 5.15:  Differential currents, three-phase internal fault, Bus 9 side 

Figure 5.16: Differential currents, three-phase external fault, on Bus 6 

Figure 5.17: Differential currents, phase A-to-ground external fault Bus 6 

Figure 5.18: Differential currents, three-phase external fault, on Bus 9 
Figure 5.19:  Differential currents, phase A-to-ground external fault Bus 9 

Figure 5.20: Secondary current of phase A of the C6 and C9  

Figure 5.21:  Differential currents response, three-phase fault, located as shown in 

Figure 4.2, non-saturated and saturated CT’s cases 



 ix

TABLES 
Table 2.1:  Percentage of harmonics in typical magnetizing inrush current 

Table 3.1:  Short Circuit Tests Results 

Table 3.2:  Transformer equivalent parameters obtained using Matlab/Simulink. 

Table 4.1 Transformer setting data 

Table 5.1 Relevant values of the differential currents shown in Figure 



 x

LIST OF SYMBOLS AND ACRONYM 
IEEE  The Institute of Electrical and Electronics Engineers 

IEC  The Electric Power Research Institute 

EMTP  The Electromagnetic Transient Program 

Eskom  Electricity Supply Commission of South Africa 

DC  Direct Current 

CT  Current Transformer 

MV  Medium Voltage 

HV  High Voltage 

EHV  Extra-High Voltage 

kV  Kilovolts 

kA   Kiloamperes 

Hz   Hertz 



 xi

 


