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Abstract

This thesis examines the main circuit modelling fundamentals and fault location techniques 

that may be applied to electricity transmission networks. Using a statistical comparison, it 

then investigates both impedance and travelling wave based fault location methods. This 

appears to be a novel comparison as no publications have been identified which draw 

conclusions on the accuracy of these fault location techniques. This work subsequently led 

TransGrid to install a new commercial travelling wave fault location system on the New 

South Wales 330kV transmission network.

Following the commissioning of this system, there was an ongoing process to store data 

that was being observed by the travelling wave recorders. This data was later cross- 

referenced to determine the fault location, and the waveform interpreted to identify the 

source of the travelling wave transient. However, this analysis has revealed that the 

theoretical accuracy of this travelling wave system was not as good as previously expected 

from publication.

The source of the degradation was tracked down and found to centre on the frequency 

response of the coupling transducers used by most conventional travelling wave recording 

hardware. These errors are not currently considered in publication but can result in several 

kilometres of uncertainty in a fault location calculation. Flence, it can be concluded that the 

use of conventional substation current transducers can introduce additional uncertainty into 

travelling wave fault location calculations.

The source and nature of this uncertainty has subsequently led to the development of a 

novel unsynchronised fault location algorithm based on the continuous wavelet transform. 

This new technique also uses an assessment of waveform polarity to distinguish between 

signals generated by solid or incipient line faults.

Several unusual events have also been observed which have led to a number of new 

developments in fault location and forewarning. These include specific requirements for 

impedance algorithms during unearthed inter-circuit faults on double circuit lines.
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Similarly, this thesis presents the development of a new method to forewarn of faults within 

oil impregnated current transformers. This has been based on the high frequency transients 

observed by the travelling wave system prior to the failure of a 330kV current transformer.

This thesis also identifies significant potential for travelling wave techniques to forewarn of 

developing insulator faults on overhead circuits.

Page iv



Table of Contents

Statement of Authorship & Originality__________________________________________  i

Acknowledgments____________________________________________________________ ii

Abstract____________________________________________________________________ iii

Table of Contents_____________________________________________________________ v

List of Illustrations__________________________________________________________  ix

List of Tables_______________________________________________________________ xv

Nomenclature_____________________________________________________________  xvi

1. Introduction_____________________________________________________________ 1

2. Literature Review_________________________________________________________7

2.1 Introduction________________________________________________________ 8

2.2 Fault Location on Transmission Circuits________________________________ 9

2.3 Circuit Modelling Fundamentals______________________________________11
2.3.1 Fault Analysis and Sequence Techniques________________________________11
2.3.2 Steady State Transmission Circuit Models_______________________________12
2.3.3 Travelling Waves and the Modal Domain______________________________ 21

2.4 Transient Simulation Software_____________________________________ _ 31
2.4.1 Calculation Methodology___________________________________________ 31
2.4.2 Lumped Transmission Line Models___________________________________ 34
2.4.3 Distributed Transmission Line Models_________________________________ 35
2.4.4 Example Modal Calculations for Hypothetical Transmission Circuits _________ 40

2.5 Impedance Based Fault Location_____________________________________ 46
2.5.1 Single Ended Fault Location_________________________________________ 47
2.5.2 Double Ended Fault Location________________________________________ 52
2.5.3 Impact of Fault and Power System Parameters ___________________________56

2.6 Travelling Wave Fault Location_____________________________________ 64
2.6.1 Classical Travelling Wave Algorithms__________________________________65
2.6.2 Documented Accuracy of Travelling Wave Implementations________________71
2.6.3 Signal Processing for Travelling Wave Methods_________________________ 73

2.7 Conclusion_______________________________________________________ 85

3. Comparative Analysis of Fault Location Algorithms__________________________ 86

3.1 Introduction______________________________________________________ 87

3.2 Transmission Line and Fault Modelling_______________________________ 87

3.3 Sensitivity Analysis________________________________________________ 90
3.3.1 Impedance Based Algorithms________________________________________ 90
3.3.2 Parameter Sensitivity in the Travelling Wave Algorithm____________________91

Page v



3.4 Probabilistic Fault Location Analysis_________________________________ 94
3.4.1 Fault Statistics____________________________________________________ 95
3.4.2 Line Loading_____________________________________________________ 95
3.4.3 Fault Resistance__________________________________________________ 96
3.4.4 Source Impedance_________________________________________________ 97

3.5 Results and Discussion____________________________________________ 97
3.5.1 The Distance Algorithm Based on Impedance Calculations _________________97
3.5.2 The Distance Algorithm Based on Reactance Calculations__________________98
3.5.3 The Takagi Algorithm _____________________________________________ 99
3.5.4 The Takagi Algorithm with Mutual Coupling Compensation_______________ 101
3.5.5 The Synchronised Phasor Algorithm_________________________________ 101
3.5.6 The Unsynchronised Phasor Algorithm________________________________102
3.5.7 The Unsynchronised Phasor Algorithm with Long Line Compensation_______ 103
3.5.8 The Type D Travelling Wave Algorithm______________________________ 105

3.6 Selection of Fault Location Technique_______________________________106

3.7 The Travelling Wave Fault Location System_________________________ 107

3.8 Comparison with Experimental Data_________________________________ 110

3.9 Conclusion 111

4. Fault Location and Protection for Inter-Circuit Faults______________________ 113

4.1 Introduction_____________________________________________________ 114
4.1.1 Background_______________________________________________________ 114

4.2 Inter-Circuit Faults________________________________________________118
4.2.1 Impedance-Based Distance Algorithm________________________________ 119
4.2.2 Distance Algorithm based on Observed Reactance_______________________119
4.2.3 The Takagi Algorithm ____________________________________________ 120
4.2.4 Takagi Algorithm with Mutual Coupling Compensation___________________ 120
4.2.5 Synchronised Phasors_____________________________________________ 121
4.2.6 Unsynchronised Phasors___________________________________________ 121
4.2.7 Travelling Wave Fault Location_____________________________________122

4.3 Distance Protection and Inter-circuit Faults___________________________123
4.3.1 Fault Detection__________________________________________________ 125
4.3.2 Relay Impedance Characteristics____________________________________ 126
4.3.3 Protective Zones of Operation______________________________________ 126

4.4 Distance Protection Schemes_______________________________________ 127
4.4.1 Permissive Under-reach___________________________________________ 128
4.4.2 Permissive Over-reach____________________________________________ 129
4.4.3 Blocking Schemes________________________________________________ 130
4.4.4 Current Differential 131

4.5 Case Study Based on the Queensland to New South Wales Interconnector _ 131
4.5.1 Selection of Zone Settings_________________________________________ 132
4.5.2 Impedance Variations for Inter-Circuit Faults ___________________________134
4.5.3 Source Impedance Considerations___________________________________ 138
4.5.4 Line to Source Impedance Ratio_____________________________________ 141
4.5.5 Line Protection Implications________________________________________ 142

Page vi



4.5.6 Uncoupled Line Topologies_________________________________________ 144

4.6 Conclusion__________________________________________________________ 145

5. Observed Uncertainty with Travelling Wave Calculations____________________147

5.1 Introduction______________________________________________________148

5.2 Transient Propagation Time ________________________________________148
5.2.1 Observed Distribution in the Signal Propagation Time____________________ 153
5.2.2 A Simple Comparison of Signal Processing Techniques___________________ 155

5.3 Uncertainty in Synchronised Timing_________________________________ 158

5.4 Filtering Imposed by Substation Transducers__________________________ 159
5.4.1 Transfer Function Estimation_______________________________________ 162
5.4.2 Experimental Methods to Measure Transducer Filtering___________________ 167

5.5 Conclusion_______________________________________________________183

6. Simulating the Performance of Substation Transducers______________________185

6.1 Introduction______________________________________________________186

6.2 Substation Current Transformers_____________________________________186

6.3 Development of a Current Transformer Model_________________________ 190
6.3.1 The Resistance of the Toroidal Core _________________________________ 194
6.3.2 The Leakage Inductance of the Toroidal Core__________________________ 196
6.3.3 The Magnetising Characteristic of the Toroidal Core _____________________ 197
6.3.4 The CT Bushing Capacitances______________________________________ 199
6.3.5 The CT Stray Capacitance_________________________________________ 200
6.3.6 The Transformer Model___________________________________________ 202

6.4 Substation Secondary Cabling_______________________ _______________ 202

6.5 The Current Transformer Burden___________________________________ 208

6.6 The Interposing CT and the Travelling Wave Recorder__________________ 209

6.7 Equivalent Electrical Model ________________________________________217

6.8 Conclusion______________________________________________________ 219

7. Unsynchronised Travelling Wave Fault Location__________________________ 220

7.1 Introduction_____________________________________________________ 221

7.2 Transducer Selection and Frequency Response ________________________222

7.3 The Unsynchronised Travelling Wave Fault Location Algorithm_________224
7.3.1 Discrete and Continuous Wavelet Applications_________________________  224
7.3.2 Simulated Solid and Incipient Faults_________________________________ 227
7.3.3 Observed Solid and Incipient Faults on the TransGrid Network_____________233
7.3.4 The proposed algorithm___________________________________________ 235
7.3.5 High Impedance Faults____________________________________________ 236
7.3.6 Accuracy of the Single Ended Algorithm______________________________ 237

7.4 Conclusion 240

Page vii



8. Forewarning Of Catastrophic Insulation Faults____________________________ 241

8.1 Introduction______________________________________________________ 242
8.1.1 The Failure of a 330kV Current Transformer___________________________ 243
8.1.2 Condition Monitoring Systems_______________________________________248

8.2 On-Line Techniques Used At Bayswater______________________________250
8.2.1 Radio Based Systems_____________________________________________ 250
8.2.2 DDF and Insulation Resistance______________________________________ 252

8.3 Observed High Frequency Transients________________________________ 255
8.3.1 Observed Travelling Wave Signals __________________________________ 256

8.4 Partial Discharge Detection_________________________________________258
8.4.1 Partial Discharges________________________________________________ 260

8.5 Proposed Monitoring Technique____________________________________ 264
8.5.1 Background Electrical Noise _______________________________________ 265

8.6 The On-Line Monitor _____________________________________________ 269

8.7 Testing of the CT Monitor__________________________________________272
8.7.1 Testing With a Simulated Partial Discharge____________________________ 273
8.7.2 High Voltage Testing_____________________________________________ 277

8.8 Conclusion__________________________ ____________________________ 289

9. Conclusions and Future Work___________________________________________291

9.1 Conclusions_____________________________________________________ 292

9.2 Future Work_____________________________________________________ 293

10. Appendices____________________________________________________________297

A. 1 List of publications based on thesis work__________________________________ 298

A.2 Parameter sensitivity of fault location algorithms___________________________300

A.3 Substation source impedance data________________________________________305

A.4 TransGrid330kVnetwork (2006)_________________________________________306

A. 5 Transfer function estimation_____________________________________________ 307

A.6 ATP input data cards___________________________________________________ 308

References________________________________________________________________ 353

Page viii



List of Illustrations

Figure 2-1. Simple model of a multiphase transmission circuit____________________________________ 13
Figure 2-2. Location of the propagation modes in transmission circuits ____________________________24
Figure 2-3. Independent modes of propagation within cable circuits_______________________________24
Figure 2-4. Transient network analyser [17]__________________________________________________ 31
Figure 2-5. Example nodal network [17] ____________________________________________________ 32
Figure 2-6. Simulated phase currents during an earth fault Okm from the observer___________________ 36
Figure 2-7. Simulated phase currents during an earth fault 100 km from the observer_________________ 36
Figure 2-8. Variation of zero and positive sequence resistance with frequency [7, 17]________________ 38
Figure 2-9. Variation of zero and positive sequence inductance with frequency [7, 17]_______________ 38
Figure 2-10. J. Marti's weighting function [17]._______________________________________________ 39
Figure 2-11. Cross-bonding configuration applied along hypothetical cable route___________________ 40
Figure 2-12. Hypothetical 330kV conductor arrangement_______________________________________ 44
Figure 2-13. Simple fault location representation based on a double ended topology_________________ 53
Figure 2-14. Phasing techniques____________________________________________________________ 60
Figure 2-15. Single and dual circuit configurations____________________________________________ 61
Figure 2-16. Single ended Takagi algorithm__________________________________________________ 63
Figure 2-17. Double ended synchronised phasors algorithm_____________________________________ 64
Figure 2-18. Travelling wave fault location - method A_________________________________________66
Figure 2-19. Travelling wave fault location - method B_________________________________________67
Figure 2-20. Travelling wave fault location - method C________________________      68
Figure 2-21. Travelling wave fault location - method D_________________________________________69
Figure 2-22. Travelling wave fault location - method E_________________________________________ 70
Figure 2-23. Frequency versus time characteristic of the Fourier transform [54]  75
Figure 2-24. Frequency versus time characteristic of the windowed Fourier transform [54] ................. 75
Figure 2-25. The scale, shift and correlate process involved with the continuous wavelet transform

applied to an observed circuit breaker transient_______________________________________ 80
Figure 2-26. Continuous wavelet transform coefficients obtained from applying the ‘symlets2 ’

wavelet to an observed circuit breaker transient_______________________________________80
Figure 2-27. ‘Frequency versus time ' characteristic of the Wavelet Transform______________________ 81
Figure 2-28. One stage of the DWTfiltering process using a circuit breaker transient and a

‘symlets2 ’ wavelet_______________________________________________________________ 82
Figure 2-29. The ‘Daubenchies2 ’ wavelet and the corresponding pseudo frequency [54]______________ 83
Figure 2-30. Pseudo-frequencies of several common wavelets, at various scales______________________83
Figure 2-31. Examples of some wavelet function families________________________________________ 84
Figure 3-1. The electrical configuration of the Sydney West to Bayswater transmission line____________ 88
Figure 3-2. Simple dual circuit model________________________________________________________89
Figure 3-3. Percentage increase in conductor length over span length at 20 °C_______________________94
Figure 3-4. Load duration on the Sydney West to Bayswater 330kV circuit__________________________96
Figure 3-5. Distribution of fault resistance___________________________________________________ 96
Figure 3-6. The impedance algorithm applied to a single circuit__________________________________ 98
Figure 3-7. The impedance algorithm applied to a double circuit line______________________________ 98
Figure 3-8. The reactance algorithm applied to a single circuit___________________________________ 99
Figure 3-9. The reactance algorithm applied to a double circuit line_______________________________ 99
Figure 3-10. The Takagi algorithm applied to a single circuit___________________________________ 100
Figure 3-11. The Takagi algorithm applied to a double circuit line_______________________________ 100
Figure 3-12. The modified Takagi algorithm applied to a double circuit line_______________________ 101
Figure 3-13. The synchronised phasor algorithm applied to a single circuit_____________ 102
Figure 3-14. The synchronised phasor algorithm applied to a double circuit line___________________ 102
Figure 3-15. The unsynchronised phasor algorithm applied to a single circuit_____________________ 103
Figure 3-16. The unsynchronised phasor algorithm applied to a double circuit line_________________ 103
Figure 3-17. The unsynchronised algorithm with compensation for line capacitance when applied to

a single circuit_________________________________________________________________ 104

Page ix



Figure 3-18. The unsynchronised algorithm with compensation for line capacitance when applied to
a double circuit line____________________________________________________________ 104

Figure 3-19. Calibrated travelling wave algorithm____________________________________________ 105
Figure 3-20. 2.5% error in the line length or modal velocity____________________________________106
Figure 3-21. The Hathaway (TWS) monitoring station_________________________________________ 108
Figure 3-22. Installation of the Hathaway (TWS) monitoring station_____________________________ 109
Figure 3-23. The distributed travelling wave fault location system________________________________109
Figure 4-1. Sydney South Substation and its 330kVfeeders (Refer to Appendix 3)___________________ 115
Figure 4-2. The bushfire traversing the mountains (as seen from Sydney South substation) moments

before the phase-to-phase inter-circuit fault occurred_________________________________117
Figure 4-3. Phase configuration for the inter-circuit fault simulation _____________________________ 118
Figure 4-4. Error distribution for the basic distance algorithm applied to an inter-circuit fault________ 119
Figure 4-5. Error distribution for the reactive distance algorithm when applied to an inter-circuit

fault_________________________________________________________________________ 119
Figure 4-6. Error distribution for the Takagi algorithm when applied to an inter-circuit fault_________120
Figure 4-7. Error distribution for the modified Takagi algorithm when applied to an inter-circuit

fault120
Figure 4-8. Error distribution for the synchronised algorithm when applied to an inter-circuit fault___121
Figure 4-9. Error distribution for the unsynchronised algorithm, applied to an inter-circuit fault ______ 122
Figure 4-10. The compensated unsynchronised algorithm when applied to an inter-circuit fault_______ 122
Figure 4-11. The travelling wave algorithm when applied to an inter-circuit fault__________________ 123
Figure 4-12. Protection zone grading of mho distance elements__________________________________ 127
Figure 4-13. The permissive under-reach distance zones and the required communication

acceleration between the protection relays__________________________________________ 128
Figure 4-14. The permissive over-reach distance zones and the required communication

acceleration between the protection relays___________________________________________129
Figure 4-15. The blocking scheme distance zones and the required communication acceleration

between the protection relays_______________________________________________ 130
Figure 4-16. Phase element impedance plot for an un-transposed line 134
Figure 4-17. Under-reaching effect associated with inter-circuit faults on transmission lines

constructed with a high impedance phasing__________ 135
Figure 4-18. Earth element impedance plot for an un-transposed line_________________   136
Figure 4-19. Phase element impedance plot for a transposed line_______________________________ 136
Figure 4-20. Earth element impedance plot for a transposed line________________________________ 137
Figure 4-21. Consideration of earth impedance loci___________________________________________ 138
Figure 4-22. Impedances observed by phase elements for source impedance ratios of 1:1 and 2:1_______138
Figure 4-23. Impedance loci observed from the weaker source terminal__________________________ 139
Figure 4-24. Impedance loci observed from the stronger source terminal_________________________ 139
Figure 4-25. Earth element impedance plot for a mho relay with a 100% forward reach_____________140
Figure 4-26. Maximum phase element under-reach observed for variations in the source impedance

rati o.140
Figure 4-27. Phase element impedance for a 1:1 SR with a variation in the line impedance___________ 141
Figure 4-28. Earth element for a 1:1 SR with a variation in the line impedance _____________________142
Figure 4-29. Sections of the line which are blind to inter-circuit faults, or suffer a loss of distance

margin when protected with permissive under-reaching schemes________________________ 143
Figure 4-30. Sections of the line which suffer a loss of distance margin to inter-circuit faults when

protected with permissive over-reaching schemes_____________________________________144
Figure 4-31. Under-reach experienced by a hypothetically uncoupled circuit______________________ 145
Figure 4-32. Partially uncoupled dual circuit topology ________________________________________ 145
Figure 5-1. High frequency circuit breaker transient observed at Sydney West______________________149
Figure 5-2. High frequency circuit breaker transient observed at Bayswater_______________ 149
Figure 5-3. High frequency earth fault transient observed at Sydney West_________________________ 150
Figure 5-4. High frequency earth fault transient observed at Bayswater_________ 150
Figure 5-5. Fault transient observed on each phase during a phase to earth fault (5lh January 2002)__ 151
Figure 5-6. Modal analysis of the phase to earth fault (5th January 2002) ________________________ 151

Page x



Figure 5-7. A circuit breaker operation observed at Munmorah on 23 line (13lh November 2001)______152
Figure 5-8. An A phase to earth fault observed at Sydney West on 32 line (14th November 2001)_______153
Figure 5-9. Calculated signal propagation travelling times from 38 circuit breaker operations________154
Figure 5-10. correlation between travel time and time of day____________________________________155
Figure 5-11. correlation between travel time and current prior to the event ________________________ 155
Figure 5-12. A fault detected at Sydney West on the line to Bayswater (3rd December 2001)__________ 157
Figure 5-13. Application of the continuous wavelet transform using a variety of wavelet functions _____ 158
Figure 5-14. Average spectra of 38 CB signals seen respectively at Sydney West and Bayswater_______160
Figure 5-15. Average spectra of 9 phase to phase signals seen at Sydney West and Bayswater_________160
Figure 5-16. Average spectra of 4 earth fault signals observed at Sydney West and Bayswater ________160
Figure 5-17. Average spectra of one lightning transient observed respectively at Sydney West and

Bayswater_____________________________________________________________________161
Figure 5-18. Travelling wave transients observed on the ScottishPower transmission system [21]______ 162
Figure 5-19. CB Transient at Sydney West with the matched transfer function response______________ 164
Figure 5-20. A pole zero map of the circuit breaker transients observed at Sydney West______________ 165
Figure 5-21. A pole zero map of the circuit breaker transients observed at Bayswater_______________ 165
Figure 5-22. Travelling wave fault location error distribution using pole locations from Table 5-2_____ 166
Figure 5-23. Travelling wave trigger delay using the pole locations from Table 5-2_________________ 167
Figure 5-24. Protection secondary cabling used respectively at Bayswater and Sydney West__________ 167
Figure 5-25. Installation of the travelling wave recorder in the switchyard________________________ 168
Figure 5-26. Time domain signal and spectra recorded at the base of the current transformer_________169
Figure 5-27. Time domain signal and spectra recorded in the substation control room_______________ 1 70
Figure 5-28. A circuit breaker transient observed in the substation switchyard_____________________ 170
Figure 5-29. A circuit breaker transient observed in the substation control room _____________ 170
Figure 5-30. Time domain signal and spectra recorded in the substation switchyard________________ 1 72
Figure 5-31. Time domain signal and spectra recorded in the substation control room__  172
Figure 5-32. Modal domain signal and FFT spectral coefficients observed in the switchyard__________ 1 73
Figure 5-33. Modal domain signal and FFT coefficients observed in the substation control room......... / 73
Figure 5-34. Transfer function estimation using the A-C aerial mode (0-300kHz)____________________ / 74
Figure 5-35. Transfer function estimation using the A-B aerial mode (0-300kHz)____________________175
Figure 5-36. Transfer function estimation using the B-C aerial mode (0-300kHz)____________________ 175
Figure 5-37. Time domain signal and spectra recorded in the Sydney West switchyard______________ / 76
Figure 5-38. Time domain signal and spectra recorded in the substation control room________________ 177
Figure 5-39. Modal domain signal and FFT coefficients observed in the switchyard _____ ___ 177
Figure 5-40. Modal domain signal and FFT coefficients observed in the substation control room______ 178
Figure 5-41. Transfer function estimation using the A-C aerial mode (0-300kHz)____________________ 179
Figure 5-42. Transfer function estimation using the A-B aerial mode (0-300kHz)____________________179
Figure 5-43. Transfer function estimation using the B-C aerial mode (0-300kHz)____________________ 180
Figure 5-44. Time domain signal and spectra recorded in the Sydney West scontrol room_____________181
Figure 5-45. Time domain signal and spectra recorded in the Bayswater substation control room______ 181
Figure 5-46. Comparison of step responses in the modal domain_________________________________ 182
Figure 6-1. Sectionalised view of a dead tank ‘hair-pin ’ and a live head CT assembly [79, 80]________ 187
Figure 6-2. H V equivalent circuit of a high voltage current transformer___________________________ 188
Figure 6-3. High frequency electrical model of a transformer winding [83]_______________________ 190
Figure 6-4. High frequency model of a two-winding transformer_________________________________ 191
Figure 6-5. High frequency equivalent model referred to the high frequency side____________________191
Figure 6-6. High frequency model of a 'hair-pin ’ current transformer_____________________________ 192
Figure 6-7. Dismantled 330kV CT at Eraring_________________________________________________193
Figure 6-8. Nameplate from the dismantled current transformer_________________________________ 193
Figure 6-9. DC resistance measurement_____________________________________________________194
Figure 6-10. Tests being conducted in the UTS laboratory______________________________________ 194
Figure 6-11. Depiction of the current density within close conductors, while carrying high frequency

current in the same direction_____________________________________________________ 196
Figure 6-12. Magnetising characteristic of the CT line protection core____________________________ 197
Figure 6-13. Simulated A phase to earth fault at 40km on a 100km line____________________________ 199

Page xi



Figure 6-14. Capacitance of individual foil layers from a 330kV ‘hair-pin ’ CT_____________________ 200
Figure 6-15. Measurement of the stay capacitance using the step response approach________________201
Figure 6-16. General arrangement of cabling within the bay marshalling kiosk____________________ 203
Figure 6-17. Cable cross sections (4 core 7/0.029” and 19 core 7/0.029” respectively)______________ 203
Figure 6-18. Calculated resistance at various frequencies______________________________________ 206
Figure 6-19. Calculated inductance at various frequencies_____________________________________ 206
Figure 6-20. Calculated capacitance at various frequencies ____________________________________ 207
Figure 6-21. The application of a terminating short circuit_____________________________________ 207
Figure 6-22. Driving point impedance of the secondary cabling_________________________________208
Figure 6-23. The application of a relay burden_______________________________________________ 209
Figure 6-24. Driving point impedance of the secondary cabling and the frequency independent relay

burden _______________________________________________________________________ 209
Figure 6-25. The Hathaway interposing current transformer____________________________________210
Figure 6-26. Magnetic flux generated within the interposing transformer_________________________ 210
Figure 6-27. Experimental setup to determine the frequency response of the interposing CT_________ 213
Figure 6-28. Frequency response of the interposing current transformer__________________________ 213
Figure 6-29. The configuration of the Hathaway CT measurement scheme [21]____________________ 214
Figure 6-30. Experimental setup in the Sydney West 330kVsubstation control room ________________ 215
Figure 6-31. High frequency transient observed by the digital oscilloscope_________________________215
Figure 6-32. High frequency transient observed by the travelling wave recorder___________________ 216
Figure 6-33. Simulated travelling wave transients for an A phase circuit breaker operation at

Bayswater 330kVsubstation______________________________________________________217
Figure 6-34. Simulated circuit breaker transient signal for an A phase breaker pole operation._______ 218
Figure 6-35. Circuit breaker transient recorded by the travelling wave recorder for an A phase pole

is operation at Bayswater.________________________________________________________219
Figure 7-1. Calculated pseudo-frequency at various scales for the sym2 wavelet with a sampling rate

of 1.25 MHz____________________________________________________________________ 223
Figure 7-2. Frequency response of current transformer, secondary cabling and relay burden

compared to various CWTscales and DWT levels__ 224
Figure 7-3. DWT coefficients for a simulated incipient fault at 71.6km____________________________225
Figure 7-4. DWT coefficients for an observed incipient fault at 71.6km____________________________226
Figure 7-5. CWT coefficients for the simulated incipient fault at 71.6km___________________________226
Figure 7-6. CWT coefficients for the observed incipient fault at 71.6km___________________________227
Figure 7-7. Lattice diagram for a solid and incipient fault, respectively__________________________ 228
Figure 7-8. Simulated CWT coefficients for an A phase to earth faults on a 100 km circuit 229
Figure 7-9. Simulated solid A phase to earth fault at 56. 7km on a 188.5km line_____________________230
Figure 7-10. Simulated incipient lightning strike at 56.7km on a 188.5km line_____________________231
Figure 7-11. CWT2 for a simulated solidfault at 56km_________________________________________231
Figure 7-12. CWT2 for a simulated incipient fault at 56km_____________________________________ 231
Figure 7-13. CWT2 Reflection distributions for simulated incipient and solid faults_________________ 232
Figure 7-14. CWT2 for a simulated solid fault at 56km________________________________________ 233
Figure 7-15. CWT2 for a simulated incipient fault at 56km_____________________________________ 233
Figure 7-16. Observed solidfault at 49km on the Sydney West to Bayswater circuit_________________234
Figure 7-17. Observed incipient fault at 72km on the Sydney West to Bayswater circuit______________ 234
Figure 7-18. CWT12 for an observed solidfault at 49km________________________________________ 235
Figure 7-19. CWT2 for an observed incipient fault at 72km_____________________________________ 235
Figure 7-20. High impedance fault located 63.6km from the monitored busbar_____________________ 236
Figure 7-21. Distribution in transient travelling times_________________________________________ 237
Figure 7-22. CWf2 contour peaks for several observed incipient faults__________________________ 239
Figure 7-23. CWT2 contour peaks for several observed solid faults______________________________239
Figure 8-1. The Wellington 72 line reactor circuit breaker shortly after the failure in 1998___________243
Figure 8-2. Bayswater power station________________________________________________________244
Figure 8-3. 132kV voltage and frequency observed at Sydney West following the initial fault__________ 244
Figure 8-4. The Bayswater busbar configuration, and the associated switchyard___________________ 245
Figure 8-5. First fault and trip observed by the Regentville fault recorder (21:41:45)________________ 245

Page xii



Figure 8-6. Auto-reclose and trip observed by the Regentville fault recorder (21:41:59)_____________ 246
Figure 8-7. Second auto reclose observed by the Regentville fault recorder (21:42:01) ______________ 247
Figure 8-8. Phase fault observed by the Regentville fault recorder (21:43:44) _____________________ 247
Figure 8-9. 220kV bushing with a ‘caplink' installed, and the insulation from a failed 400kV

bushing [110]__________________________________________________________________249
Figure 8-10. Radio based condition monitoring data recorded at Kemps Creek on the 9/6/1999 _______251
Figure 8-11. Results of a sensitivity test conducted at the TransGrid line training school_____________ 251
Figure 8-12. Capacitive transducer placed across the DLA test tap on a current transformer__________ 253
Figure 8-13. DLA and leakage current measurements recorded on the 15th November 2003___________253
Figure 8-14. Leakage currents within the line 34 (Liddell) bus coupler CT_________________________ 254
Figure 8-15. Leakage currents within the line 31 (Regentville) bus coupler CT______________________254
Figure 8-16. Leakage currents within the line 32 (Sydney West) bus coupler CT_____________________255
Figure 8-17. General layout of the Bayswater switchyard showing the summated current transformer

circuits used by the travelling wave recorder________________________________________ 256
Figure 8-18. The initial CTfailure resulting in an A phase to earth fault__________________________ 257
Figure 8-19. The reclose operation of the line breaker poles, and the resulting A phase to earth fault__ 257
Figure 8-20. The reclose operation of the coupler circuit breaker poles, and the A phase to earth

fault_________________________________________________________________________ 258
Figure 8-21. The resulting B to C phase fault________________________________________________ 258
Figure 8-22. High frequency signals recorded prior to the failure_______________________________ 259
Figure 8-23. Signal spectra observed at Bayswater during the CTfailure and for a prior fault____ ___ 260
Figure 8-24. Test circuit for measurement across the tap of a bushing [113]_______________________ 262
Figure 8-25. Example PD voltage signal for a narrow-band measuring device with a bandwidth of

10 kHz and a mid-band frequency of 75 kHz [113]. ____________________________________ 263
Figure 8-26. Proposed application of time thresholds T, and T2__________________________________264
Figure 8-27. Typical pulse train observed during disconnect switch operation ] 120]_____________  265
Figure 8-28. The Tie Pie Handyscope HS3 and the experimental setup_____________________________266
Figure 8-29. Observed noise using a 1 MHz sampling rate and a 13. lms window 267
Figure 8-30. Observed noise using a 5MHz sampling rate and a 2.6ms window________  267
Figure 8-31. A short-duration transient observed on the CT secondary circuit_____________________ 268
Figure 8-32. A longer duration transient observed on the CT secondary circuit____________________ 268
Figure 8-33. Prototype of the on-line monitor_______________________________________________ 269
Figure 8-34. Simulated frequency response of the fdter using a 100m V variable frequency source_____ 270
Figure 8-35. The schematic of the detection circuit____________________________________________ 271
Figure 8-36. Circuit to simulate the discharge transient observed at Bayswater____________________ 273
Figure 8-37. PSPICE simulation of the test circuit____________________________________________ 274
Figure 8-38. Observed signal created by the test circuit for an arbitrary signal magnitude and

frequency_____________________________________________________________________ 275
Figure 8-39. Signals measured at the input to the LM393 comparator____________________________ 276
Figure 8-40. Output voltage from the LM393 comparator with a pulse repetition frequency of 1.7kHz__ 276
Figure 8-41. Connell Wagner's high voltage test laboratory_____________________________________278
Figure 8-42. The 132kVcurrent transformer obtainedfrom Armidale 330kVswitchyard_____ _______279
Figure 8-43. Connection to the CT secondary terminals________________________________________280
Figure 8-44. A dummy load equivalent of substation secondary cabling, calculated at 100kHz _______ 281
Figure 8-45. The dummy load used in the experiment__________________________________________ 281
Figure 8-46. A Dummy Load equivalent of substation secondary cabling, calculated at 100kHz_______ 282
Figure 8-47. Amplified background noise recorded by the digital oscilloscope_____________________ 283
Figure 8-48. The DLA test terminal, located on the main tank of the current transformer_____________ 284
Figure 8-49. Signals observed by the digital oscilloscope at a primary voltage of around lOkV________284
Figure 8-50. Incorporating a high voltage spark gap in the experimental setup_____________________ 285
Figure 8-51. Escalation of discharges following the breakdown of insulation______________________ 286
Figure 8-52. Discharges observed over a 25ms window________________________________________287
Figure 8-53. Discharges observed at a slightly higher test voltage_______________________________ 287
Figure 8-54. Partial discharge measurements taken during the test______________________________ 288
Figure 8-55. Partial discharge measurements taken during the test______________________________ 288

Page xiii



Figure 9-1. An example overhead insulator string [126]______________________________________ 294
Figure 9-2. Propagation on high voltage transmission lines [126]_______________________________ 294
Figure 9-3. Voltages observed at the busbar_________________________________________________ 295
Figure 9-4. Charging currents observed at the busbar_________________________________________295
Figure 9-5. A phase charging current observed at the busbar __________________________________ 296
Figure 9-6. Scale 1 Discrete wavelet transform using the 'Sym2 ’ wavelet function________  296
Figure 10-1. Phase to earth faults applied to the synchronised phasor algorithm____ ______  300
Figure 10-2. Phase to earth faults applied to the unsynchronised phasor algorithm_________________ 301
Figure 10-3. Phase to earth faults applied to the basic impedance algorithm______________________ 302
Figure 10-4. Phase to phase faults applied to the basic impedance algorithm______________________ 302
Figure 10-5. Phase to earth faults applied to the basic reactance algorithm_______________________ 303
Figure 10-6. Phase to phase faults applied to the basic reactance algorithm_______________________ 303
Figure 10-7. Phase to earth faults applied to the Takagi algorithm______________________________ 304
Figure 10-8. Phase to phase faults applied to the Takagi algorithm______________________________ 304

Page xiv



List of Tables

Table 2-1. Fault location methods___________________________________________________________ 9
Table 2-2. Microprocessor based fault location methods________________________________________10
Table 2-3. Transposed and untransposed single circuit phase impedances__________________________ 61
Table 2-4. Phasing and transposition of dual circuits___________________________________________61
Table 3-1. Example soil resistivity for various soil conditions___________________________________ 88
Table 3-2. Algorithms considered in the statistical analysis_____________________________________ 89
Table 3-3. Fault statistics [67] ____________________________________________________________ 95
Table 3-4. Assumed fault type probabilities___________________________________________________ 95
Table 3-5. Issues associated with algorithm selection__________________________________________110
Table 3-6. Accuracy of several algorithms for faults on the Sydney West to Bayswater 330kV circuit

where the fault location is known___________________________________________________111
Table 4-1. Impedances observed from Sydney South on lines 76 (Wallerawang) and 12 (Dapto)_______ 117
Table 4-2. Positive sequence loop impedances for the Queensland to New South Wales

Interconnector_________________________________________________________________ 132
Table 4-3. Observed impedance for a remote busbar fault with both lines in service__________________133
Table 4-4. Observed impedance for a remote busbar fault with one line out of service_____________ _/35
Table 4-5. Observed impedance for a remote busbar fault with one line out of service and earthed

for maintenance_______________________________________________________________ 133
Table 5-1. Techniques of trigger delay compensation__________________________________________ 156
Table 5-2. Dominant pole locations________________________________________________________166
Table 6-1. DC Resistance of the CT windings________________________________________________ 195
Table 6-2. Electrical parameters for the transformer model____________________________________ 202
Table 6-3. Electrical characteristics of the 4-core cabling___________________________________204
Table 6-4. Loads applied to the line protection core___________________________________________208
Table 10-1. Source impedances used for the statistical comparison_______________________________ 305

Page xv



Nomenclature

a

a0
a(t)

A(co)

AC SR
ADC

ATP

b
C

Cj
C’

CT

CVT
CWT
DFT

DFR
DWT

DDF

DLA

s0

£r

e, exp 
E
EMIT

EST
FFT

f
F

Fy
G

GE

GPS

discrete wavelet scaling constant 
continuous wavelet scaling constant
weighting function (J. Marti distributed parameter modelling) 
propagation factor
aluminium conductor, steel reinforced 
analogue to digital converter 
alternative transients program 
wavelet transformation constant 
capacitance, F

Clarke transformation matrix 
capacitance per unit length, Fm'1 

current transformer 
capacitive voltage transformer 
continuous wavelet transform 
discrete Fourier transform 

digital fault recorder 
discrete wavelet transform 
dielectric dissipation factor 
dielectric loss angle
permittivity of free space, 8.85x10‘12 Fm'1 

relative permittivity 
base of natural logarithms 
magnetising voltage, V 
electromagnetic transients program 
eastern standard time 
fast Fourier transform 
frequency
magneto-motive force 
Fortescue transformation matrix 

nodal conductance matrix 
General Electric Co. 
global positioning system

Page xvi



h
HV

I
IEEE

Im

j
k

Kt

/

L

L’

lc
In

m

n

M

MCBL

N

P
PD

PVC

qm

q
Q
r

Re
RCF

SCADA

SC/GZ

SIR

SR
step

t,T

T

height, m 
high voltage 
current, A
Institute of Electrical and Electronics Engineers 
operator; imaginary component of a complex parameter

an integer
Karenbauer transformation matrix 
line length, m 
inductance, H
inductance per unit length, Hm'1

span length, m
natural logarithm

fault location
an integer
mutual coupling
minimum calculated breaking load

an integer, number of turns in a winding
per unit length potential matrix
partial discharge
poly vinyl chloride
conductor charge
an integer
charge, coulomb

radius, m
operator; real component of a complex parameter
residual compensation factor
system control and data acquisition
steel conductor, zinc galvanised
source impedance ratio

source ratio
short time Fourier transform 
time, s
modal transformation matrix

Page xvii



Tc
AT

Ts

Mo

Mr

V 
v

Vm

Wc
w

Aco
WDFT

x

x(t)

Ax

X
X/R

XLPE
Y 

Z 

Zo

conductor tension

time step or relative change in time, s 

sampling period, s
permeability of free space, 47rxl O'7 N.A'2 (or Wb A'1 m'1 ,Hm‘])

relative permeability
voltage, V
modal velocity

conductor potential
conductor weight per meter
window function

uncertainty in angular frequency
windowed discrete Fourier transform
position, displacement

a signal

incremental section of line 

reactance, Q
ratio of source reactance to resistance 
cross-linked polyethylene 
shunt admittance, siemens 

series impedance, Q 

surge impedance, Q

Greek

a

8

<t>

7
Z

K

P
X

CO

V

Id120

synchronising angle 
flux linkage, Tirf2 (or webers) 

propagation constant, m'1 

matrix of eigenvalues

Pi
Earth resistivity, Qm 

time delay, s 

radians per second 

wavelet function

Page xviii



Subscripts
A phase A (red phase)
B phase B (white phase)
C phase C (blue phase)
AA self interaction on the A phase
BB self interaction on the B phase

CC self interaction on the C phase
AB interaction between A and B phases

BC interaction between B and C phases

CA interaction between C and A phases
D discharge

E earth
E excitation

Ea cable sheath on the A phase

Eb cable sheath on the B phase

Ec cable sheath on the C phase

f fault
L line

M mutual
R remote busbar
S series
X phase X on a coupled circuit
Y phase Y on a coupled circuit

Z phase Z on a coupled circuit

0, 00 zero sequence

1,11 positive sequence

2, 22 negative sequence

Symbols which are not defined above will be specified in the text.

Page xix



CHAPTER 1

INTRODUCTION

Page 1



Introduction

This thesis proposes that the use of conventional substation current transducers can 

introduce additional uncertainty into travelling wave fault location calculations. These 

travelling wave methods are acknowledged as being among the most accurate means of 

fault location on transmission circuits. This thesis initially verifies this assertion. However, 

following the installation of a travelling wave system, the observed data appears to 

contradict existing publications that are based on theoretical simulation. The source and 

nature of this uncertainty has subsequently led to the development of a novel 

unsynchronised fault location algorithm and a new approach to staff safety within high 

voltage substations.

Accurate and robust fault identification techniques are an important requirement for power 

system operation. Many kinds of faults can occur on transmission lines or on high voltage 

equipment in substations. In each case, the protection systems must isolate the faulted 

equipment, and maintenance staff to quickly repair and restore this equipment.

Fault location techniques have been of interest since the early 1950' s [1]. Most of the 

fundamental principles and theorems proposed during this period have not greatly changed 

over the last half-century. However several approaches have only been implemented 

recently with the development of microprocessor-based relaying systems and improved 

signal processing techniques. Generally, these methods can be classified as either 

impedance or travelling wave, in nature.

Chapter 2 of this thesis examines the main circuit modelling fundamentals and fault 

location techniques. Using a statistical comparative analysis in Chapter 3, it then 

investigates the impedance and travelling wave algorithms against a common set of 

simulated parameters. Such a wide-brush approach has not been applied within any existing 

publication.

From this theoretical comparison, it is clear that each algorithm is susceptible to specific 

forms of uncertainty. For instance, fault resistance and pre-fault load are generally the most 

important to impedance-based methods. However, when considering travelling wave 

methods, the most significant parameters are the accuracy in waveform synchronisation.
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Hence this statistical comparison appears to verify the accuracy claims of existing 

publications.

As a result of this comparison, several impedance and travelling wave algorithms were 

carefully considered for implementation on TransGrid’s 330kV transmission network. 

Theoretically, the synchronised impedance-based algorithm should be the easiest to 

implement on large transmission networks, since many modern distance protection relays 

can incorporate this feature. However, to be viable, distributed system would require a vast 

number of protection relays from the same manufacturer and a large number of 

communication channels.

Nevertheless, TransGrid’s protection policy required that relays from a diversity of 

manufacturers should be installed to prevent type faults affecting the separate protection 

schemes under certain conditions. For this reason, a commercially available Hathaway 

travelling wave system was installed on this network in 1999, which signified the 

completion of the first milestone in relation to this thesis. As with many commercially 

available travelling wave fault location systems, this system monitors the electrical 

transients on current transformer secondary circuits using a common GPS time base.

The statistical comparison in Chapter 3 identifies that unsynchronised impedance-based 

fault location calculations are significantly affected by zero sequence coupling between 

neighbouring circuits. The significance of this observation was reinforced following an 

unearthed inter-circuit fault that occurred approximately 1.7km west of Sydney South 

330kV Substation on the 4th of December 2002.

During this fault the 330kV distance protection relays observed higher impedances than 

they should have for the actual fault location. As these relays use a simple impedance-based 

fault location algorithm, this case study subsequently led to a review of the fault locating 

algorithms considered in Chapter 3.

Based on the outcome of this work, Chapter 4 continues by describing the implications for 

distance-based protection schemes. To protect against inter-circuit faults, at least one
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permissive over-reach or blocking scheme is required with a zone 2 ‘reach’ large enough to 

extend over the apparent impedances observed from each line terminal.

As a result of these calculations, the TransGrid protection design policies now recommend 

that all 330kV lines should have at least one over-reach or blocking scheme. There may 

also be a need to install current differential protection to reliably detect inter-circuit faults. 

However, no such protection has specifically been required to date.

Following the commissioning of the travelling wave system, an ongoing process stored, 

cross-referenced and identified the source of the data being observed by the travelling wave 

recorders. The analysis of these transients revealed that the theoretical accuracy of this 

travelling wave system was not as good as many publications indicated.

The additional uncertainty in the fault location calculation appears to arise from the 

relatively poor frequency response of the transducers commonly used with these systems. 

These transducers incorporate a small interposing current transformer on the protection 

secondary circuits within the control room building.

Chapter 5 quantifies the frequency response of these transducers using synchronised 

travelling wave measurements within the Sydney West 330kV substation. Travelling wave 

signals were observed on the secondary protection circuits near the current transformer and 

within the substation control building. The results indicate that the frequency response of 

each coupling transducer at Sydney West is band-limited to approximately 60kHz.

High voltage transducers with a large dynamic range are available for these applications. 

Nevertheless, the requirement to de-energise equipment is a major limitation in their use. 

The overall equipment and commissioning costs are also a significant factor, as travelling 

wave techniques must compete with the cheaper impedance-based algorithms incorporated 

in most protection relays and fault recorders. For this reason, conventional substation 

transducers are usually the only economic means of monitoring travelling wave transients.

Therefore, with the aim of understanding the band-limiting nature of the frequency 

response, Chapter 6 focuses on the development of a high frequency model of these
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conventional substation transducers. This simple analysis has highlighted that some 

resonance is introduced between the inductive burden of the protection relays and the 

capacitance of the secondary cabling. Simulations using this model have shown a close 

correlation to transients observed by the synchronised travelling wave installation between 

Sydney West and Bayswater 330kV substations.

This work primarily highlights the need to use low capacitance substation secondary 

cabling in conjunction with low impedance relays. However, it also presents a new tool that 

can be used by the engineer to assess the impact of cabling and relay burden on fault 

location accuracy.

Chapters 5 and 6 together quantify the filtering characteristics of the substation transducers. 

This filtering has a significant impact on unsynchronised travelling wave algorithms as 

each travelling wave reflection must be identified and related in time to the signal wave 

front. Hence, there is potential to develop a more robust technique to locate faults using a 

single unsynchronised waveform.

These algorithms avoid the costs and complexities associated with remote end 

synchronization. Moreover, data is often available from only one line terminal due to 

variations in the configuration of the power system or a failure in automatically transferring 

files from travelling wave recorders.

Chapter 7 examines the travelling wave data observed on the 330kV transmission system 

and presents a novel signal processing methodology to cater for the observations. The new 

algorithm is based on the continuous wavelet transform, which is calculated at a suitably 

large ‘scale’. The polarities of the resulting coefficients are used to confirm the nature of 

the fault, and to infer the true fault location. These techniques can also be applied to resolve 

the true location of faults on meshed transmission networks when using the double ended 

travelling wave algorithm [2].

Documented signal processing techniques currently include a combination of modal and 

wavelet analysis, where the resulting vectors are often squared. However, the performance 

of this process degrades dramatically when considering the filtering associated with the
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substation transducers and secondary circuits. Furthermore, the variation in observed 

reflection patterns demonstrates that these methods cannot adequately distinguish between 

faults which are an equal distance from each line terminal.

Chapter 8 presents a new warning system developed in response to travelling wave signals 

observed during a catastrophic failure of a 330kV current transformer at Bayswater 330kV 

substation. This event resulted in the loss of approximately 1500MW of load across the 

national electricity network. Several on-line condition monitoring systems were installed 

prior to this event, though none provided any forewarning of the impending fault. 

Interestingly, the travelling wave recorders detected high frequency signals from partial 

discharges within the current transformer secondary circuits several minutes prior to the 

failure.

The design of the warning system is based heavily on the analysis in Chapter 6, since the 

high frequency signals are measured with an interposing current transformer on the current 

transformer secondary circuits. This is an ideal approach to ensure staff safety in the 

switchyard as there is no need to de-energise high voltage equipment during installation. 

Moreover, substation staff can quickly and easily connect the recorder to the secondary 

cables in the local cable marshalling cubicles.
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Literature Review

2.1 Introduction

This thesis considers several fault location techniques that use a variety of algorithms to 

estimate the fault position. To adequately compare these techniques, an understanding of 

some basic mathematical modelling principles is required. Hence this literature review is 

divided into four main sections:

• Circuit modelling fundamentals,

• Transient simulation software,

• Impedance based fault location, and

• Travelling wave fault location.

This chapter aims to provide an overview into transmission line modelling, fault location 

algorithms and their associated signal processing methods, while also considering the 

documented accuracy of each fault location technique.

There are a number of publications which review the accuracy of impedance based 

algorithms. Despite being a cheap approach to the fault location problem, single ended 

impedance algorithms generally only provide good results for specific system 

configurations or fault types. Double-ended, or synchronised, impedance-based algorithms 

are a more robust means of fault location, although these approaches are significantly more 

complex and expensive.

Conversely, on-line travelling wave algorithms have recently been studied by academics 

and utilities around the world. Several publications have shown a remarkably good 

accuracy for these techniques when using simulated data. Moreover, commercial travelling 

wave systems are cheap to install and maintain. Nevertheless, following the development of 

the TransGrid travelling wave fault location network, Chapter 3 will later instigate a review 

of these algorithms as field results seem to conflict with the published simulation accuracy.
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2.2 Fault Location on Transmission Circuits

There are a multitude of approaches that are used to assist with the location of faults [3]. 

Table 2-1 below briefly describes the major fault location methods. Each of these has its 

own specific applications and may be categorised initially into one (or a combination) of 

five high level techniques.

Table 2-1. Fault location methods

Approach Description
Relating fault 
trace readings to 
short circuit 
study data

This method is very time-consuming, as traces have 
to be retrieved from the fault locators or fault 
recorders. Furthermore, the analysis must be 
performed by a skilled individual and can pose 
considerable difficulties with the presence of some 
parameters such as fault resistance.

Customer calls 
to a utility

The aim is generally to avoid this occurring with the 
aid of adequate SCADA and protection systems.

Line inspections These are undertaken by work crews (often from a 
helicopter) with the specific aim of identifying the 
location of a fault prior to re-energising the line.

Data from 
lightning 
detection 
systems

These generally include a measure of the lightning 
charge (in kA) and a GPS coordinate reference. This 
can be cross-referenced against the time at which the 
faulted circuit trips.

Processing 
digital 
fault trace 
records

This method is slow as the waveforms must be 
retrieved and entered into a computer, where the 
current and voltage signals must be appropriately 
selected.

Microprocessor
devices

These are the most common method of locating 
faults on high voltage transmission systems. These 
may incorporate fundamental techniques based on 
the application of travelling waves or impedance 
calculations. Most algorithms require the use of data 
from a single location, while multi-ended fault data 
can also be employed in several algorithms.

Digital fault recorders have been used for fault analysis since early 1980’s. With the 

evolution in digital communication techniques it also became possible for these recorders to 

be used for location calculations. More recently, microprocessor based fault locating 

devices have become very common, which has led to a great diversity in the techniques
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available to the protection or asset performance engineer. Some of these generic 

microprocessor based fault location methods are detailed in Table 2-2.

Table 2-2. Microprocessor based fault location methods

Technique Description
Single Ended 
Impedance

These are devices that calculate the positive sequence 
impedance to the fault and compare this to the 
‘known’ positive sequence of the line, and its 
corresponding length.
They are often selected for their practicality and 
simplicity of operation. However they are vulnerable 
to many sources of error including fault resistance 
and pre-fault load current.

Double Ended 
Impedance

These require the voltage and current phasors from 
both ends of a circuit. The additional vectors can 
assist in reducing the location dependence on the 
fault resistance. Some of these algorithms do not 
require the use of zero sequence parameters.
There is a significant level of complexity required for 
end-to-end synchronisation and data communication 
with this method.

Single ended 
travelling wave

These systems measure the voltage and/or current 
waveform at a line terminal with a very high 
sampling rate. The reflections present in this 
waveform are used together with the known line 
length to determine the fault location. The drawback 
with these techniques is the uncertainty imposed by 
noisy signals, and from identifying travelling wave 
reflections from a time domain signal.

Double ended 
travelling wave

Two end travelling wave fault locators have proven 
to be very accurate at locating faults on transmission 
circuits. These devices measure the travelling waves 
which propagate from the fault. Appropriate 
measurement of the arrival times of these transients, 
together with time synchronisation and knowledge of 
the propagation velocity can result in very accurate 
fault location.

Nevertheless, there is often a fine balance between robustness and accuracy when it comes 

to selecting fault location algorithms. Robustness is a commonly used term in the 

automation and control fields, and refers to the ability for a system to remain stable under
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conditions of disturbance. Thus, a robust algorithm is one where a stable result is obtained 

even in difficult circumstances, or unusual fault conditions. The implications of algorithm 

robustness will be highlighted in the comparisons presented in Chapters 3 and 4.

However, to assess, and later implement these fault location algorithms, reference must first 

be given to the mathematical principles upon which each approach is based.

2.3 Circuit Modelling Fundamentals

Mathematical methods for modelling power transmission circuits have been documented 

for more than half a century. The choice of model depends greatly on the objectives and 

time scale of the study.

Many of the principles described below have since been included into readily available 

software packages, which are also described later in this chapter. However it is still 

beneficial to briefly cover the basic concepts.

2.3.1 Fault Analysis and Sequence Techniques

Unbalanced faults are more commonly encountered on transmission circuits, and generally 

incorporate more complicated methods of analysis. This may incorporate the solution of 

circuit state matrices or the use of differential equations. Nevertheless, for steady state 

analysis, the use of sequence techniques is still common.

Fortescue recognised that n unbalanced phasors could be resolved into n-1 sets of balanced 

n-phase systems of phasors with each set having a different phase sequence, and one set of 

zero phase sequence or unidirectional phasors. Fortescue’s relationship can be defined by:

' vAl + ^,2 +y, 3 ... + v^ V A(X-l) +yy

V. r« + VB 2 +yB 3 ... + y^ Y B(X-1) + VBX
yc v* + VC2 +yc 3 ... a. yT v C(X-1) +ycx

yD ym +yD2 +yD, ... +y~ y D{X-1) +ym

K. +y„2 + K 3 ... +y^ V n(X-\) + KX_
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where VA, VB, Vc, VD and V„ are the voltage vectors and VAi, VBi, VCi, VD1, VnL VA2, VB2, VC2, Vd2, 

Vn2, VA3, Vb3, Vc3, VD3, Vn3 are the associated balanced phasors, where n=x. For a balanced 

three-phase system, these sequence components can be found using the well-known 

sequence component conversion matrix:

where

---
-1 1

'1 1 1 "

---
-1 1----o

V„ or I„ = 1 a2 a Vt or /,
1---

-

>c_ 1 a a2

i---
-

h.

(2-2)

V3
2

(2-3)

In (2-2), the subscript 0 defines the zero phase sequence vectors, while 1 and 2 represent 

the positive and negative balanced phase sequences, respectively, for the voltage vector V 

or current vector I.

Several other transformations are commonly used in power engineering. The afiO 

transformation is often used in electrical transient calculation software such as the 

Electromagnetic Transients Program (EMTP) and the Alternative Transient Program 

(ATP), while the dqO transformation is more commonly applied to electrical machines and 

some power electronic control systems [4].

2.3.2 Steady State Transmission Circuit Models

Similarly, simple models that represent transmission lines have been in existence for some 

time. These are usually represented by series impedance and shunt admittance parameters.

Consider an infinitely long pair of straight parallel conductors. The effects of the magnetic 

and electric fields are quantified in terms of the inductance and capacitance, respectively, of 

a short length of this line.

The series impedance of such simple circuits is defined by the size, construction and the 

relative positioning of the conductors. The resistance is influenced by ambient temperature,
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the spiralling of the conductor strands (1-2% contribution), and the skin effect at power 

system frequencies (3-4% contribution).

Conversely, the circuit admittance is often assumed to consist solely of the shunt 

susceptance as the conductance due to corona currents and dielectric discharges is 

considered to be negligibly small.

The circuit geometry ultimately determines how the phase currents and transverse line 

voltages relate in a multi-phase system. A short section from a simple three-phase 

transmission circuit is shown in Figure 2-1, where the self impedances are defined by ZAZB 

and Zc, while the mutual impedances are represented by Zab, Zbc and Zca. Similarly, the 

phase and inter-phase susceptance parameters are defined as YA, YB, Yc, and YAb, YBc and 

Yca, respectively.

Figure 2-1. Simple model of a multiphase transmission circuit

As transmission line designs are usually specific to individual supply authorities, it is 

common practice to calculate these parameters based on the actual line geometry and 

conductor types. The complete mathematical background, which is based on the work of
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Carson, is considered to be outside the scope of this thesis. Some further information may 

be obtained from [5, 6].

2.3.2.1 Transmission Line Series Parameters

Accurate calculation of the series impedance requires a complete description of a particular 

transmission line. This includes the height above the ground of each conductor bundle, the 

number of conductors per bundle, the size and resistance per unit length of each conductor, 

the position of each conductor within the bundle and the resistivity of the earth.

The work by Carson and others [7] can then be used to evaluate the self series-impedance 

per unit length of each phase bundle and earth wire. It is also a relatively simple task to 

calculate the mutual impedance per unit length between all pairs of phase bundles or earth 

wires, as shown in (2-4):

__
_

1 I

N Z ab ZAc~

---
--

1

__
_

I

AVe = Z BA Zb Z BC

1

<
[

Zca Zcb Zc_ Jc_

where the current and voltage on phases A, B and C are defined by IA, Ib, Ic and VA, VB, Vc 

respectively. Similarly, ZA, Zb, Zc are the self impedances, and ZAB, ZAc, Zba, Zbc, Zca, and 

Zcb are the mutual impedances.

This impedance matrix excludes the currents and voltages on the earth wires, which have 

been implicitly included through routine manipulation of complex matrices. For a balanced 

(or symmetrically transposed) circuit, the diagonal terms of the impedance matrix 

(conductor self impedances) are identical. The same is true for the off-diagonal elements 

(mutual coupling parameters).

In the case of an unbalanced or untransposed circuit, the impedance matrix remains 

diagonal, whereby the matrix is symmetrical about the diagonal series self impedances. 

However the individual coupling and self-impedance terms are no longer the same. If 

required, this impedance matrix can then be transformed into sequential components, which 

are based on Fortescue’s relationship:
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where Io, Ii, and 7? are the zero, positive and negative sequence currents, while Vo, Vj, and 

V2 are the zero, positive and negative sequence voltages. The sequence impedance 

associated with each of these voltages and currents is given by:

V,

Zs
0
0

7 -Z ^ s ^ M
0

0
0 (2-6)

where Zs is the nominal self impedance of the circuit and Z^the nominal mutual coupling 

impedance, and they can be respectively expressed as:

and

~ ^ (ZA + ZB + Zc )

~ AH + ZAC + + ^HA + ^CA + ^CH )

6

(2-7)

(2-8)

Consequently, the sequence impedances can be determined from:

Z0 = Z5 + 2Zm (2-9)

Z\=Z2= Zs -ZM (2-10)

In (2-6), the off-diagonal terms are zero, and the diagonal terms define the sequence 

impedances. That is, the sequence circuits are decoupled for balanced circuits in the phase 

domain. This concept will be further addressed in Section 2.3.3.

Nevertheless, unbalanced three-phase single circuits still have some coupling between the 

sequence parameters. This may often be ignored on the assumption that they are small 

relative to the self-impedance of the conductor. Doing so, results in sequence values which 

are an ‘average’ of the actual individual phase sequence impedances.

The actual self and coupling impedances in the sequence domain can be found using the 

following relationship [4]:
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7̂21 - 3 1 a a1 2 a2 2 a 2 Za B

z = z^10 ^02 1 a a2 - a2 - a -1 7̂ AC
1

N
K
> O

II N 0
1 

_

1 a2 a - a -a2 -1 _ZflC_

(2-11)

where Zoo, Zu and Z22 are the zero, positive and negative sequence impedances, 

respectively. Similarly, Zoi, Zw, Z02, Z20, Z12 and Z?/ define the coupling that remains 

between the respective sequences.

For transmission lines, the positive and negative sequence series impedance values are the 

same, whereas the zero sequence impedance is larger because of the very different current 

distribution through the earth. For a zero sequence current Io, a total of 3Iq flows through 

the earth or earth conductors. The earth return can be approximately considered to flow at a 

depth of 660yfp/f metres, where /is the frequency in Hertz and p is the earth resistivity

(Qm) [7]. At a system frequency of 50Hz, and a typical earth resistivity of lOOQm, the 

earth return current can be assumed to have a depth of approximately 930m.

Consequently, the zero sequence currents produce large magnetic fields that can couple to 

other conductors in the vicinity. The fields produced by the positive and negative sequence 

currents are closely confined within the space around the transmission line.

2.3.2.2 Transmission Line Shunt Parameters

The shunt conduction of an overhead transmission line is dominated by the capacitances of 

the conductors. The ‘method of images’ [5] is commonly used to describe the electrostatic 

behaviour of a section of overhead line with multiple conductors. This method is based on a 

sufficiently high conductivity and dielectric constant of the earth, allowing the electric 

fields to terminate on induced charges at the surface of the earth. This gives the same 

electric field distribution as would be obtained if the conductors were reflected in the 

surface plane of the earth, with opposite charges.
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Alternatively, for underground cables the shunt capacitance per unit length C' may be 

determined by:

c,= J^£o£«_ (2-12)
In r±£.

r

where Eo = 10'9/(367i) is the permittivity of the vacuum, eR the relative permittivity of the 

cable insulation, r the conductor radius and p the insulation thickness.

Either approach can be used to calculate the per unit length potential matrix P, which 

relates the conductor potentials to the charges in coulombs per unit length on each 

conductor.

p -i

P

Ym_ - ~ 3m.

(2-13)

The per unit length shunt admittance matrix [Y] can be found by inverting this potential 

matrix.

\l]=jco[p\'\v] (2-14)

[I]=[Y\V] (2-15)

The admittance matrix is a combination of the shunt conductance [G] and capacitance [C] 

matrices, as given by:

[Y] = [G\+j2uf
c c c^ A ^ AB ^ AC

cBA c c^ B AB

c c^ CA ^ CA Cc

Siemens m -l (2-16)

where Ca, Cb and Cc define the capacitances between phases A, B and C to ground, while 

Cab, Cba, Cac, Cca, Cbc and Ccb represent the capacitances between the relevant phase 

conductors.
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The symmetrical capacitance matrix has positive diagonal terms while the off-diagonal 

terms are negative. This means that for a positive line-neutral voltage on one conductor a 

positive charge is induced on that conductor and negative charges are induced on the 

surrounding conductors.

Generally the conductance of conductors may be ignored as corona discharge on overhead 

lines and the loss angle on underground cables is very small. Some exceptions include the 

modelling of some gas pipelines and buried uninsulated conductors [7].

Again a similar process can be applied to find the circuit admittances in the symmetrical 

domain. This leads to familiar results for a completely transposed line:

Y0*j2rfCs+j47fCM (2-17)

and

Yx*Y2=j2nfCs-j2nfCM (2-18)

where Yo, T/ and Y2 define the zero, positive and negative sequence admittance, while Cs 

and Cm define the nominal self and mutual capacitance, which are also defined by:

Cs = '-(CA+C„+Cc) (2-19)

and

CM =~(CAB + CBC + CcA + CBA + CCB + CA c) (2-20)
o

2.3.2.3 Series Parameters for Multi-Circuit Lines

Occasionally, two circuits are constructed on the same supporting structures due to 

restrictions in obtaining new line easements, or to provide a high circuit rating whilst 

catering for an N-l design requirement [8]. Including these circuits into mathematical 

models proves to be more complex due to the zero sequence coupling between the lines.

The impedance matrix relationship shown in (2-21) represents two parallel transmission 

circuits 1 and 2, where the earth wires have been ignored or implicitly included in the 

matrix. The voltage on each conductor is also related to the phase currents flowing in the 

neighbouring circuit.

Page 18



Literature Review

V* ~Za Za B 7̂ AC
\2„
|

7^ AY

l---------
N

N

C

vB Z ba zB Zbc ! ZBX 7
BY

7^BY h

K: 7
^CA

7
^CB Zc 1 z

1 ^cx
7̂CY 7̂CZ

k

V, 7
XA

7
^ XB

7
^ xc

\ ZX ^XY 7
^xz

h

Vy 7̂YA 7̂YB 7̂YC 1 ZYX Zy ZYZ Iy

1

7
L ^ZA

7̂ZB 7
zc !

ZZY ZzJ
Uz\

Here, the current and voltage vectors in circuit 1 are respectively defined by Ia, Ib, Ic and 

Va, Vb, Vc respectively. Similarly, Ix, Iy, h and Vx, Vy, Vz represent the current and voltage 

vectors for circuit 2.

The matrix itself presents some interesting characteristics. As is the case for a single circuit, 

under balanced conditions, the matrix is diagonally symmetrical where the diagonal self 

impedances and off-diagonal coupling impedances are each identical. Similarly, for an 

unbalanced circuit the impedance matrix will remain diagonally symmetrical, although the 

self and mutual impedance terms differ.

This impedance matrix can also be divided into four sub-matrices, as shown in (2-22). The 

sub-matrices A and D contain the self and mutual impedance terms for circuits 1 and 2, 

respectively. However, the parameters within C and D describe the inter-circuit coupling 

between the two lines. A similar relationship exists for the admittance matrix of longer 

double circuit lines.

Va
i
ii Ia

VB A i
i B Ib

Vc
i
i
i Ic

Vx
T ‘ 

1
1 Ix

Vy C 1
1
| D Iy

Vz_ 1
1 Jz_

(2-22)

In some cases, it is desirable to examine the voltages and currents within the ground, or 

earth conductors. In this situation, earth wires or multiple phase conductors can also be 

included in the analysis. As an example, the impedance matrix given in (2-23) relates to a 

single circuit three-phase line with two conductors per phase, and one earth conductor:
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v,:] r 2a- \Ie

L +,a ‘a

7̂ a2e Za2ax Za2

ve, 7̂ BXE 7 7̂b,a2 z«,

7b2e 7 7^BA ^b2a2 z z^B2BX ^b2 **
f'c, 7̂CXE 7 7 Z Z Zc{ JCX

I

7X'c2e 7 7^C2Ai ^C2A2 z z^c2B\ ^c2b2 ZC2CX Zc2 _ Jc 2

(2-23)

where subscripts A, B, C and E represent the three phases and the earth wire, respectively, 

and the sub-subscripts 1 and 2 define the relevant conductor in the phase bundle.

Nevertheless, it is common practice to remove the earth and combine the phase conductors 

through matrix manipulations, which in this case produces a 6><6 impedance matrix for two 

three-phase circuits. Performing Fortescue’s sequence calculations produces a sequential 

impedance matrix that is similar to that in the phase domain, as given by:

---
--

1

N O _©

1
1
1

o
N

7̂ 12,
1
1

ẑ 20, 7̂22,
z ' 
^21, |

7̂00l2 7̂ 02,2 Z0, '01I2 1
7̂oo2

zA10,2
7

‘2,2
z.. ! 7̂102 ẑ 122

7
L 2°n

7̂2212 z21 !
z,12 i z■^202 z z ^112 ^212

-»
E j F_ 

G ! H
(2-24)

where the matrices E and H are the self and coupling impedances in the sequence domain 

for circuits 1 and 2 respectively, while G and F define the coupling impedances between 

the individual circuits. The subscripts 00, 10, 12, 20, 22, 21 define the coupling impedance 

between the positive (1), negative (2) and zero (0) sequences. Similarly, a sub-subscript of 

1 or 2 implies that the impedance applies to circuit 1 or 2, respectively. The 12 sub

subscript defines the sequence impedance that exists between the two circuits.

Assuming the two circuits have an identical geometry and construction, the sequences can 

also be determined from the following relationships:

7 = 7 +27 +37 (2-25)
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Z, = Z2 = Zs - ZM (2-26)

and ZIL = Zs + 2ZM - 3Zp (2-27)

where Z« is the ground mode sequence impedance, Z/ is the aerial mode impedance, and Zji 

is the mutual coupling impedance between any one of the three conductors of one circuit 

with any one of the three conductors of the other circuit. As with (2-6) these equations are 

based on the following:

Zs ~ ^ {zA + ZB + Zc)- ^ (Zx + ZY + Zz) (2-28)

4 ~ T (ZAb + Zac + ZBc ) = T (^xy + ^xz + ^rz ) (2-29)

and N II N II N II (2-30)

which define the nominal series, mutual and inter-circuit impedance parameters, Zs, Zm and 

ZP, respectively.

Overhead earth wires affect the self and mutual impedances of a transmission circuit. These 

reduce both the self and mutual coupling parameters for the transmission circuit. This 

results in a very small and large reduction in the positive and zero sequence impedances, 

respectively within the sequence domain. For instance, assuming no tower footing 

resistance, the impedance of the A phase conductor can be given by Zaa - ZAe2!Zee, where 

Zaa is the self impedance of the A phase, while Zae and ZEe represent the mutual impedance 

between the A phase conductor and the earth wire, and the self impedance of the earth wire, 

respectively.

Similarly, the mutual impedance between the A and B phases under the presence of a single 

earth wire can be represented by ZAb - ZAeZbe!Zee, where ZAb is the mutual impedance 

between the A and B phases, and Zbe is the mutual impedance between the B phase and the 

earth wire.

2.3.3 Travelling Waves and the Modal Domain

The previous review of phasor and sequence analysis is very useful when considering 

impedance-based fault location strategies. However, travelling wave techniques require
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detailed modal studies which can provide a more accurate method of decoupling the 

voltages and current waveforms.

2.3.3.1 A Brief Review of Modal Analysis

Steady state transmission line models can be readily implemented from the series and shunt 

parameters. However, there has been a great deal of effort applied to the pursuit of defining 

accurate transmission line models for transient studies.

Consider a single overhead conductor with radius r and zero resistance, which is 

constructed at a constant height h above a perfectly conducting earth plane. In this case, the 

series inductance in Henries per meter is given by:

• 7 11where/io is 471x10' Wb A m 

Similarly, the shunt capacitance in Farads per meter is given by:

L - — In 
2 n

r2h^
V r )

(2-31)

C
2 K£,

In
2h

V r ,

(2-32)

Continuing further, for a small section of two-wire transmission line the following 

differential equations now hold:

dv^=[R+Le\{x,t) 
dx \ dtj

(2-33)

and
={G + Cd]v(x,t) 

dx v d/y
(2-34)

These equations relate the transverse voltage V and the current / at any position along the 

line jc, at any time /.

The series and shunt matrices can be expressed by the well-known telegraphers equations:
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= Z(x)I{x) (2-35)
dx

and 40$ = -Y(x)V(x) (2-36)

dx

where Z is the longitudinal impedance matrix, and Y is the transversal admittance matrix 

per unit length.

These can also be combined and solved analytically to produce the steady state sinusoidal 

solutions of the wave equation, where the solution is still bound by the fundamental 

electrical principles such as Ohms and Kirchoff s Laws. From d’Alembert’s solution [9,10] 

the following equations can be obtained for a distributed parameter line:

Veja* = Ae+ Bej0*+yx

and le,M = —e'"-’* +—eJ“*”z z

where A and B are constants and y defines the propagation velocity

Interestingly, this study of travelling waves was originally utilised in the study of 

hydraulics and further developed and used by many power system analysts in the study of 

switching transients and recovery voltages.

For an A conductor symmetrical system, there are N independent modes of propagation that 

can define the solution to the telegraphers equations. As shown in Figure 2-2, a three- 

conductor overhead circuit will have two independent paths for field propagation that flow 

between the conductors, and one mode that will travel between the conductors and the 

earth. Similarly, Figure 2-3 illustrates that a six-conductor underground cable circuit will 

have five independent modes between the cable conductors and sheaths, and one mode to 

ground.

(2-37)

(2-38)
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Aerial Wave

Ground Wave

Figure 2-2. Location of the propagation modes in transmission circuits

Conductor Oscillations (Modes)

Ground Oscillation 
(Ground Mode)

Figure 2-3. Independent modes of propagation within cable circuits

Generally, these propagation modes are derived from the solution to an eigenvalue- 

eigenvector problem involving the diagonalisation of the ZY product matrix [11].

T~]ZYT = /i -> ZYT = TZ (2-39)
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In this representation, the modal transformation matrix T collects the eigenvectors of ZY, 

while X contains the eigenvalues.

The complex, frequency-dependent modal transformation matrix T can be applied to both 

untransposed and transposed circuits. However, modal analysis is less useful in the case of 

balanced or transposed circuits as some of the modes become equal amongst themselves. 

This can make it difficult to determine the eigenvectors and eigenvalues using numerical 

techniques.

Nevertheless, a sequence value for balanced circuits is nothing more than a modal value. 

For such cases, several simple transformations have been developed. The Fortescue (Ft), 

Clarke (Cj) and Karenbauer (Kj) transformations listed below are commonly applied to 

convert the three-phase impedance matrix to the decoupled modal domain [12, 13]:

Fr =
75

Cr 75

Kr = 7?
i

VJ

1 1i^K jin
e 3 e 3]2n j4n
e 3 e 3

1

-1/V2 -L

V3/2 -7

-1 077
1 1

72 77

0
-1
72

(2-40)

(2-41)

(2-42)

Subsequent analysis of the eigenvalues and eigenvectors provides the fast (aerial or 

positive) and slow (ground or zero) modes. For balanced symmetrical overhead circuits, the 

two aerial modes are identical and commonly have positive sequence surge impedances 

close to 400Q while the slower ground mode may have an impedance approaching 1000Q.

The positive mode also has a velocity close to the speed of light, depending on the relative 

insulation electrostatic permittivity and magnetic permeability. The zero mode travels at
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velocities approximately 70% of the positive sequence, and the mode is attenuated greatly 

over distance [2].

To obtain the non-symmetric complex matrices for unbalanced circuits, special algorithms 

are required to calculate the solution of the eigenvalues and eigenvectors. Faria [11] 

presents an approach to finding the unsymmetrical modal transformation based on a first 

order perturbation theory approach. This provides reasonably accurate results by 

decomposing the ZY matrix into a balanced ZY matrix and a AZY error matrix. The standard 

transforms are applied for the balanced case, and the first order approach is applied to the 

error.

For dual circuit lines, the media-antimedia transformation matrix shown in (2-43) below 

can be used to decouple the six-phase system into two uncoupled three-phase circuits, 

assuming that there is vertical symmetry in the phase arrangements:

T =

-1 -1 1 -1 -1 1
273 2V3 77 2V3 273 7f

1 1
0

-1 -1
0

2 2 2 2
1 1 1 1 1 1

77
1

77
1

a/6
1

76
]

a/6
_ 1

76
-1
732V3 2V3 77 2a/3 271

1 -1 0
1 -1 0

2 2 2 2
1 -1 1 -1 1 -1

77 a/6 77 a/6 a/6 76

(2-43)

The standard transforms can then be applied to each uncoupled matrix to produce the single 

real transformation matrix for the circuits [14]. Hermann Dommel proposed a similar 

transformation, as given by (2-44) [7]:
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T =

1 1 V3 1 0 0
I 1 - a/3 1 0 0

II 0-20 0
1-10 0 V3 1
1-10 0 -V3 1
1-10 0 0 -2

(2-44)

These transformations create two three-phase uncoupled matrices from the impedance and 

admittance matrix. These are represented by two independent three-order impedance 

matrices, called the media mode matrix and the antimedia mode matrices [14].

However, the resulting ‘quasi modes’ are often relatively consistent and it is common 

practice to simply use the positive and zero mode results from the comparatively simple 

standard transforms, even on untransposed lines.

2.3.3.2 Modal Velocity of Propagation

Consider a point which is x meters from another point on this transmission line, and let the 

inductance of the line be V Henries per meter and C’ Farads per meter. The inductance L is 

defined as the flux linkage per ampere in the inductor:

N(f)
dt

(2-45)

where <f) is the flux and N is the number of turns. In this case, the total inductance from 

point to point is equal to L x. The rate of change in flux linkage is then given by:

dX _ TT,dx— IJLj
dt dt

where / is the current flowing through the inductor. This equals,

(2-46)

— = IL'v = V (2-47)
dt
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where v is the propagation velocity of the travelling wave. Also, since the capacitance per 

meter is C’ Farads, the total line capacitance is C’x, and therefore the total charge Q along 

this section of line is given by:

Q = VCx

Differentiating this equation with respect to time produces:

dQ = yc,dx 
dt dt

which also equals:

(2-48)

(2-49)

I = VC'v (2-50)

Substituting for / in (2-47), we obtain the following expression for the modal surge velocity 

in meters per second [15]:

v = (2-51)

The velocity is therefore determined by the inductance and capacitance per unit length of 

the transmission line, which in turn depends on the magnetic permeability /uoMr and the 

dielectric permittivity Sq£r. Referring to (2-37), the propagation constant y is equal to the 

inverse of the surge velocity divided by the radian frequency (co.sec. Ax’1):

y = yj(R + jcoL\G + jcoC) (2-52)

This surge velocity is usually obtained from the aerial eigenvectors obtained from modal 

analysis of the transmission circuit [16].

2.3.3.3 Surge Impedance

Taking the ratio of (2-46) and (2-49), we can obtain the surge impedance of the circuit:

v _ my \u_
1 ~ vC'v I1 ~ C I~\C

(2-53)
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Consequently for a lossy transmission line, the characteristic surge impedance is a 

frequency dependent term that determines the relationship between the surge voltage and 

current. This parameter is also commonly obtained through modal analysis, but can be 

estimated for each mode by the following [16]:

2« =
' R + jcoL 
G + jcoC

(2-54)

As both the surge impedance and surge velocity are complex, attenuation may vary with 

frequency, resulting in some distortion as surges travel along the circuit.

2.3.3.4 Discontinuities and Reflections

At any discontinuity in the characteristic impedance of a transmission line, Ohms and 

Kirchoff s Laws must still be satisfied. Therefore, it is possible to determine the extent to 

which signals are transmitted and reflected.

If the skin effect is included, calculations also become more difficult as the series resistance 

is no longer constant, increasing at high frequencies. Similar problems are encountered 

when earth return circuits are considered as these have both frequency dependent series 

resistance and inductance.

The following equations provide a simple means of determining the reflected and 

transmitted components on an incident wave:

and

( Z-Z ) /
_ 1 REFLECTED _

VZ + Z0,
fz0-z"

) *INCIDENT

V
_ r REFLECTED _

\Z + Z0 J 
f 2Z "j

kINCIDENT

_ ITRANSMITTED _

vz + z0y

( 2Z )
I INCIDENT

v_ r TRANSMITTED

vZ + Zo, v' INCIDENT

= I reflection cofficient 

= V reflection cofficient

- I transmission cofficient

- V transmission cofficient

(2-55)

(2-56)

(2-57)

(2-58)

where Zo is the surge impedance of the conductor carrying the incident wave, and Z the 

impedance on the far side of the discontinuity.
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These calculations become more difficult if the terminating surge impedance has a complex 

phase angle that is different to that of the line. Instead of a zero order relationship between 

the incident and reflected waveforms, the reflection and transmission coefficients behave as 

first order transfer functions, introducing an exponential into the time domain reflected and 

transmitted waveforms.

In the case of a terminating capacitance C or inductance L, the time constant of this 

exponent is ZoC or Zq/L respectively. This leads to capacitor and inductor voltages, as 

shown below:

and

Vc (t) = 2 VINCIDENT 1 —e zc

VL(0 = 2V,

v y
_u_

„ z
INCIDENT‘

(2-59)

(2-60)

2.3.3.5 Sources of Attenuation

Assuming a lossless two-wire circuit, sinusoidal waves of all frequencies will travel at a 

constant velocity and without attenuation. In this case, the surge velocity and the 

characteristic impedance

Z0 (2-61)

have a complex angle of 0°, making the circuit frequency independent.

The velocity of the travelling waves can be further simplified in terms of the dielectric 

constant and relative permeability as follows:

Speed of Light _ 1
-jtZ ~ 4ec' (2-62)

This implies that cables have slower surges than open-air conductors due to the increase in 

the dielectric constant.
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The loss-less line assumption is quite valid at frequencies approaching 1MHz. However, 

analyses at vastly lower frequencies cannot rely on this supposition. Since the conductance 

of overhead conductors in one kilometre is always less than the resistance per kilometre, no 

high voltage transmission circuit is purely loss less. For this reason, complex computer 

simulation packages are required for detailed transient analysis.

2.4 Transient Simulation Software

Until the 1960’s, transient network analysers were used for studying electromagnetic 

transients. Some of these are still used today for testing control equipment associated with 

HVDC systems [17].

As shown in Figure 2-4, these analysers usually model transmission lines as a cascaded 

connection of n circuits (typically 10 n circuits per line). Amplifiers are used for voltage 

sources, and transformers are represented by small transformers with comparable 

parameters. It was not until the late 1960’s and early 1970’s that the use of digital 

computer programs such as EMTP or ATP became possible.

Cabinet tor transmission lines etc.

Generator Models

Control desk

Figure 2-4. Transient network analyser [17]

2.4.1 Calculation Methodology

The modelling fundamentals presented in Section 2.3 above are available within computer- 

based simulation programs. Therefore, this chapter will digress slightly for a quick 

consideration of such software.

Page 31



Literature Review

The ATP is one of the most widely used versions of the EMTP in the world today. This is 

due to its availability to nearly everyone in the world free of royalty. The original EMTP 

was developed in the public domain at the Bonneville Power Administration in the United 

States. ATP is not in the public domain, however it is available free of charge to any user 

who has not participated in the sale or attempted sale of any electromagnetic transients 

program. Each authorized user of ATP must agree not to disclose any ATP information to 

unauthorized persons or organizations.

These programs use numerical techniques which are predominantly due to the work of 

Dommel [18]. His approach is to form the following set of nodal equations with a fixed 

step size of AT:

[g|f(/)] = [/(/)]-[/(/ - A7-)] (2-63a)
"G„ G\ 2 • • •

>,(0" 'hit) <
I

I______

g21 G22 •
•• c2„ U(0

=
hit)

-

hit-AT)

ghX cn2 • • • Gnn

I I__
__

__
__

_

I

_________
I Jnit ~ AT)

where G is the nodal conductance matrix, V(t) the vector of unknown node voltages at time 

t, I(t) the vector of known source currents at time t, and I(t-AT) the summated history 

currents at each node.

Consider an example presented by Dommel [17], shown in Figure 2-5. In this case, a nodal 

equation can be created around node 1 of a larger network, as shown below.

lossless line with
distributed parameters 

t » r*

Figure 2-5. Example nodal network [17]
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The nodal equation is given by:

*12 "*"*13 “*"*14 "*"*15 ~ *1 (2-64)

Here, the current through the resistive branch, with resistance R, is given by:

*12 = ~jZ V\2 (2“65)

For the inductive branch between nodes 1 and 3, the following differential equation is 

created:

V„ = L^- (2-66)
at

This is converted to a difference equation with the aid of the trapezoidal rule of integration, 

to become:

*i3 (0 = — v.3 (0 + 7.3 (* - A0 (2-67)

Using a similar approach, the capacitive branch gives the following equation:

2 C
/,4(0 = — v14(0 + /14(*-A/) (2-68)

At

By applying the ‘method of characteristics’ to the lossless line with characteristic 

impedance Z and surge velocity rthe nodal equation can be written as:

'is (0 = ~V'(/) + /,5(/-t) (2-69)

Combining these equations, the following nodal relationship can be obtained for node 1:

A At 2C 1. 1 At 2C . T _ _
V1 ("T"*" 0 J + . + ry)~V2 V3 0 J — V4 A ~ 7l ^13 ^14 ^15R 2L At Z R 2 L At

(2-70)

Repeating this process for each node in the network then creates the previous nodal matrix, 

which is solved in each time step by applying Gaussian elimination to triangularise the 

matrix. Sparsity techniques are sometime used to make the solution more efficient.
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This creates a simultaneous set of equations which can then be solved for the unknown 

voltages. These are used to calculate the current in each branch, which then become history 

currents for use in calculating the next step.

Converting differential equations to difference equations creates numerical truncation 

errors [17]. There are no phase errors, but the amplitude errors ‘filter out’ higher-frequency 

currents, according to the errors imposed by the trapezoidal rule of integration at a 

frequency co. The magnitude of this amplitude error is given by:

tan
CALCULATED

EXACT

At 
co —

V 2y

CO
At

where At is the simulation time step.

(2-71)

However, the accuracy of a computer-based simulation also greatly depends on the 

selection of a suitable model for the study scenario.

2.4.2 Lumped Transmission Line Models

Many methods can be applied to the problem of modelling transmission lines. Selection of 

the appropriate model is dependant on the scope of the study being performed. Steady state 

system studies can be accurately achieved with the aid of lumped parameter models. 

However, when undertaking transient analysis, more complicated models are required.

Many of the line models used in this thesis are conducted with the assistance of software 

packages such as the Line Constants and Cable Constants programs, which are embedded 

within the ATP. Both of these programs will calculate the series impedance and shunt 

admittance matrices in the phase and the sequence domain. Frequency dependant or 

independent models can be selected depending on the requirements of the simulation.

When analysing the steady state conditions, a transmission circuit can be represented by an 

equivalent n network using lumped parameters. The series impedance and shunt admittance

Page 34



Literature Review

values used in these models are those obtained for the entire circuit length. For short lines, 

the shunt admittance can be ignored as the effects become negligible [5].

Bergeron models (otherwise called nominal tt models) are similar to the equivalent 7i 

models, with the exception that the lumped parameters are defined for a short section of the 

circuit (often 1km). This model is then replicated until the overall line length is obtained. 

Such models can be used for short line equivalents or for the study of some transient 

phenomena.

Within the ATP or EMTP, these lumped models include hyperbolic corrections, are 

frequency independent and include corrections for skin effects and earth return impedances. 

In each case, these models can not be applied to transient studies and are limited to lines 

which are shorter than approximately 150km when modelling in the steady state.

2.4.3 Distributed Transmission Line Models

Distributed parameter models are required for accurate transient simulations. In particular 

the resistance and inductance of the zero-sequence mode are very frequency dependent. Of 

these, the resistance is specifically susceptible as it is usually much larger than the 

resistance in the aerial modes. Such models for transposed transmission lines can be readily 

produced by the Line Constants or Cable Constants programs. However, most of these are 

only applicable to transposed transmission circuits as the diagonal (self) and off-diagonal 

(mutual) impedances have common values.

Frequency dependant distributed parameter models provide a very useful means of 

simulating travelling wave phenomena on overhead or underground circuits. For example, 

Figures 2-6 and 2-7 show the simulated phase currents measured at each end of a 

hypothetical 330kV transmission line, 100km in length, where an A phase to earth fault is 

applied close to one end of the circuit.

From these, it is noted that the travelling wave reflections become more distorted as time 

since the inception of the fault increases. Also the magnitude of the transient is initially 

dependant on the surge impedance of the line.
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Figure 2-6. Simulated phase currents during an earth fault Okm from the observer

A Phase

B Phase

C Phase
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Figure 2-7. Simulated phase currents during an earth fault 100km from the observer

ATP modelling techniques such as this have proven their accuracy in simulating steady 

state and transient phenomena [17]. Thomas, et al, has considered circuit breaker and fault 

transients recorded on the Scottish Power EHV transmission system by travelling wave
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recorders similar to those presented in [19]. When using a suitably small simulation time 

step, these transients have shown a close correlation with the travelling wave transients 

simulated with ATP [20, 21].

2.4.3.1 Clarke and Lee Models

Using this technique, Clarke [6] defined a distributed constant parameter model, usually 

defined in the modal domain, which are useful in the analysis of travelling waves on 

balanced or transposed circuits.

However, in some situations, it is not realistic to assume that a transmission line is fully 

transposed. An alternative modelling technique was proposed by Dr K. C. Lee in 1980 [6], 

where the self and mutual capacitances are no longer equal among themselves. However, it 

is necessary for the line matrices to remain symmetric.

Modal decomposition is still possible, but the transformation matrices now need to include 

the asymmetrical line capacitance matrix.

2.4.3.2 J. Marti Model

The Jose Marti model [22, 23] defines a more comprehensive technique, which is a 

frequency dependent travelling wave line model, where the modal transformation matrix is 

calculated around a specific operating frequency.

The series resistance and inductance of overhead lines are specifically frequency- 

dependent. This is especially true for the zero sequence modes. For example, Figures 2-8 

and 2-9 show the frequency dependence of these two parameters in both the zero and 

positive sequence. These graphs are presented in [17] and can be calculated using Carson’s 

formula or from a complex skin depth formula, such as that presented in Section 6.3.1 of 

this thesis.
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Figure 2-8. Variation of zero and positive sequence resistance with frequency [7, 17]
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Figure 2-9. Variation of zero and positive sequence inductance with frequency [7, 17]

Nevertheless, the Marti line model is not exact in a mathematical sense, because the model 

data are obtained from the line parameters in the frequency domain by means of an 

approximation method [24]. Furthermore, the transformation matrix is selected at one 

frequency and is assumed to be constant over the whole frequency range. This is not 

necessarily applicable to unbalanced circuits.

In some situations, this model can also be derived from the Line Constants routine, which 

produces the modal parameters required to evaluate the following functions:
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Z(©) =

A(co) = e

R(co) + jcoL{co)
\ G + jcoC{co)

-yl[R(a))+ja>L(co))[G+j(oC(a>)]

(2-72)

(2-73)

where Z(co) is the frequency dependant surge impedance and A(co) the frequency dependant 

propagation factor. This propagation factor is then converted to a weighting function a(t) in 

the time domain, as shown in Figure 2-10. This means that several history terms are 

required for each time step calculation.

a(t)

approximately T

Figure 2-10. J. Marti's weighting function [17].

The calculated characteristic impedance is applied to fitting routines to obtain a 

corresponding rational approximation to a cascaded RC circuit. It is the residuals and poles 

of a partial fraction expansion, which then defines the model in question.

2.4.3.3 Semiyen Model

The Semiyen approach [6] calculates a second order recursive convolution approximation 

of the transmission circuit. This algorithm has been coded into the ATP and provides the 

option of another distributed parameter model.

The algorithm is based on the fact that modal wave propagation has a frequency response 

of similar to that of a low pass filter in series with a pure time delay. Hence, these models 

are specified by the time delay r and a transfer function which approximates the line 

response at various frequencies.

Nevertheless, this approach is generally not suitable for modelling fast transients such as 

travelling wave phenomena.
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2.4.4 Example Modal Calculations for Hypothetical Transmission Circuits

2.4.4.1 Modal Analysis for a 132kV Underground Cable Circuit

For the purposes of illustrating the application of modal analysis on transmission circuits, 

consider a 12km, 132kV cable circuit comprised of three single phase 630mm2 XLPE 

cables with copper wire screens. This is laid at a depth of 900mm in a trefoil configuration 

using 150mm PVC ducts, with 70mm duct separation.

It is desirable to minimise the number of cable sheath transpositions or earthing bonds, 

whilst ensuring the standing voltages in the sheath do not exceed 150V. Hence, this cable 

circuit is completely cross-bonded with sheath transpositions located every 2000m. In this 

case, the cable sheaths are earthed every third transposition, with the remainder being 

unearthed cable joints with associated surge arresters.

o
<o

R,

Figure 2-11. Cross-bonding configuration applied along hypothetical cable route

It is assumed that each joint bay has a nominal 10Q earthing resistance R2, while each 

substation earth mat resistance Rj is approximately 0.2Q. Similarly, the sheath surge 

arresters Z are assumed to be polymer housed metal oxide arresters constructed to a lOkA, 

Class 2, IEC classification.

It is the steady state standing voltages that initially determine the method of sheath 

bonding, and the number of sheath link boxes. In this scenario, lumped n models reveal a 

maximum of 123V would be expected when the cable is carrying the current for an 

apparent power of 200MVA.
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However, consideration must also be given to system transients to ensure that these do not 

result in discharges that exceed the surge arrester rating. Such studies normally require K.C. 

Lee models and the associated modal transformation matrix, as described in (2-39).

It is a relatively straightforward task to calculate the series impedance and shunt admittance 

matrix for this cable configuration. The series impedance matrix is given by:

Qm 1 (2-74)

where subscripts Ea, Eb and Ec refer to the sheath conductors for cable phases A, B and C, 

respectively. Hence, Zeaa defines the series coupling between the sheath on phased and the 

conductor of phase A.

The following symmetrical impedance matrix (in Dm'1), which includes Carson’s 

corrections for finite earth conductivity [7], has been calculated at 20kHz:

1.95/; - 2 + y2.03/i' - 1

1 89 E - 2 + yl 35£ -1 1.95 E -2 + y 2.03E - 1 

7 1 89E - 2 + yl .35/; - 1 1.89/; - 2 + yl.35£- 1 1.95£ - 2 + y2.03£ - 1
' ~ I 90/: - 2 + yl 80/; - 1 1.89/; — 2 + yl 35/; - I 1.89/;- 2 + 71.35/;-1 1.91/; - 2 + 7I .8O/; - 1

1 .89/: - 2 + j\.35E - 1 1.90/;'- 2 + yl .80/; - 1 1 .89£ - 2 + yl.35£ - 1 1.89£ - 2 + yl.35£ - 1 1.91£ - 2 + yl.80£ - 1

1.89/; - 2 + yl.35/; - 1 1.89£ - 2 + yl.35£ - 1 1 90£ - 2 + yl 80£ -1 1.89£ - 2 + yl.35£ - 1 1.89/T - 2 + y'1.35/; - 1 1.91£ - 2 + yl.80£ - 1

(2-75)

Similarly, the circuit admittance matrix may be given by:

z,,

ZBA 7̂ BB

Zc, 7
^CB 7̂cc

Zea a 7̂eab 7̂
eac zE E

lAlA

Zeba 7AEbB 7AEbC ZEE
lbla

7̂
ebeb

Zrca 7̂ECB 7EcC ZEE
hCkA

Z Z^eceb ^ecec

x AA

4.
yCA

y»n

yCB Zee
y^a yEjB z£,e 4A

y£,A yE,B YEbC Yjebea YLEbE

yECA ZECB Y,!cc Ye etCtA ye e

(2-76)
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where the subscript relationships remain the same as in (2-74). Again, calculating these 

parameters at 20kHz gives the following matrix:

j 1-769
0
0

j 1-769
0 j 1-769

- jl.llE - 5 0 0 j 2.363
0

'r')i

r-r-1 0 0 y2.363
0 0 - j\.llE - 5 0 0 y‘2.363

(2-77)

To determine the modal properties of this cable, we need to define the ZY product matrix, 

as given in (2-39). It is common practice to also calculate the YZ product matrix. From 

these, the modal transformation matrix T can be determined from the eigenvectors of the 

relevant product matrix. In this scenario, the modal transformation matrix is given by:

‘ 1 - J7.58E - 4 1 - 5.0E -1 - j3.79E - 4 - 4.51 E -1 + j 2.58E - 2 1 1

! 1.20E - 7 - j6.25E - 7 1 i 1 - 6.67E - 2 - j4.59E - 2 9.59E -1 - j5.24E - 2

t 1 - j7.58E - 4 -1 + j 1 96E - 7 - 5.0E -1 - j3.79E - 4 - 5.31E-1 - j8.13E-3 - 9.75E -1 - j2.36E - 2 9.56E -1 - j6.47E - 2
= 1 j7 58E - 4 9.96E -1 + j 5.70E - 3.- 4.97E -1 - j3 83E - 3 4.06E - 4 - j4.59E - 4 - 5.63E - 4 + j 7.90E - 4 - 5.26E - 5 + j 6.08E - 7

1 + j 5.23E - 7 1.23E-7-j6.22E - 7 9.94E -1 + j6.90E - 3 - 8.80E - 4 + j9.63E - 4 6.89E - 5 - j3.04E - 5 2.17E - 5 +jl.l9E-7

1 - j7.58E- 4 -9.96E-l-j5.69E-3 - 4.97E-1 - j3.83E -3 4.75E- 4 - j5.04E - 4 4.94E- 4 - j7.60E- 4 2 16E- 5 - j 1 62E- 7

(2-78)

At this stage, many numerical simulation programs, such as the ATP, scale each column of 

the T matrix to make the maximum magnitude equal to 1. From this, the modal matrix YZM 

can be calculated by:

YZm = Tt YZ Tr' (2-79)

Similarly, the modal impedance matrix Zmequals:

ZM = r_1 Z Tt~' (2-80)

The modal admittance matrix Ym’\s also given by:

Ym=TtYT (2-81)

The complex modal surge impedance matrix Zo is given by:
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Z0=^jr~M (2-82)

In this particular scenario, the real component of the surge impedance for each of the six 

modes can be obtained from the modal surge impedance matrix:

Re(Z„)

7.959E + 1 
9.895 

1.135E + 1 
3.871E + 1 
2.847E + 1 
2.145E + 1

Similarly, the complex propagation constant matrix y is given by:

(2-83)

r = Jzu-ru (2-84)

And the modal resistance matrix per unit length Rm is given by:

Ru =Re(Z0)Re(r/2)

4.787E-3 
2.059E-5
2.546E-5 , (2-85)

Q
6.985E-5 
5.137E-5 
3.871E -5_

2.4.4.2 Modal Analysis for a Hypothetical 330kV Transmission Circuit

As an example of the inherent functionality that a software package such as the ATP 

provides, consider the 330kV transmission line depicted in Figure 2-12. Here, El and E2 

are lxSC/GZ 7/0.144 earth wire conductors while A, B & C are the phase conductors 

comprised of twin Bison conductors separated by 120mm.

or
*« =
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15.2m

E, E2
• • '

7.2m

• •
• !

A B C

10.7m 13.5m

////V/// / ~7~7~TT 7"'7
E

Figure 2-12. Hypothetical 330kV conductor arrangement

Using an earth resistivity of lOOQm and a system frequency of 50Hz, the lumped parameter 

five-conductor impedance and capacitance matrices can be found as:

^AA
Zba
Zca

7̂
BB

7̂
CB

ẑcc
ZM ẑ E\B

V ZEE
L\E\

7̂ e2a
ẑ e2b Z^c ZF E L2tl\ Ze2e2

0.707Z82.50
0.286Z80.30 0.707Z82.50

Z = 0.243Z78.70 0.286Z80.30 0.707Z82.50
0.306Z81.0° 0.288Z80.50 0.249Z79.00 2.229Z19.80
0.249Z79.00 0.288Z80.50 0.306Z81.10 0.265Z79.80 2.229Z19.80

(2-87)

Similarly, the line capacitance matrix can also be determined as:

r
'-'AA

r
^ BA

r
^BB

CCA c
^CB

r^cc
CE,A r

^EXB
r^£,C

cE,A r
^e2b

r
^e2c c c^ Ê2E2

(2-88)

or
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7.863
-0.781 7.955
-0.226 -0.781 7.863
-1.176 -0.816 -0.325 6.849
-0.325 -0.816 -0.176 -0.582 6.849

(2-89)

The algebraic reliance on the earth conductor variables can be removed using matrix 

reduction techniques to produce the impedance matrix:

—
i

N x

7
^AB 7 "^ AC "0.668/78.1°

Z = 7
^ BA 7

BB
7̂BC = 0.254/67° 0.667/77.8°T_______

i

7̂CB

i

U
n

T 0.214/64° 0.254/67° 0.668/78.1°
(2-90)

The same process can produce the line capacitance matrix:

z, ĉAB CAC' " 7.863

C = CHi r̂BB CBC = -0.781 7.955
Q, ĉCB Qr. -0.227 -0.781 7.863

nF km (2-91)

This means that the positive, negative and zero sequence series and shunt impedances are:

1

N o o 7̂02

7 =
0,1,2

7̂10 7̂12 z„ =

7LZv20 7̂22 7̂21 J

and

r r ^00 r̂02 c„r r

c ='—'0,1,2 c'-'10 ĉ12 Z =

cL'—20 ĉ22
C2I_

1.14/73.3°
0.013/201°

0.812/-39.1

6.70/0°
0.15/ -60° 
0.15/60°

0.028/148° 
° 0.435/84.2°

Q km 1

2.88/28.5°

4.01/240°
8.49/0°

nF km 1

4.01/120°

(2-92)

(2-93)

Similarly, the line can be represented in the modal domain by using a similar approach to 

that presented in Section 2.4.4.1 of this thesis, as shown below:

Page 45



Literature Review

Z
GROUND = 737.1Z-0.650 Q 

= 403.9Z-0.410 Q 

= 1.956x10 3 dB / km 

= 4.764x10"4 dB I km 

= 2.046x105 km / sec 

= 2.920x105 km!sec

7AERIAL

Attenuation G 

Attenuation
GROUND

AERIAL
(2-94)

Velocity G 

Velocity
GROUND

AERIAL

2.5 Impedance Based Fault Location

A variety of fault locating algorithms have been developed to locate faults using the voltage 

and current vectors observed at the line terminations. For these algorithms, the impedance 

parameters of a line are taken as the measure for a distance to fault [25].

On most transmission lines, the fault location can easily be estimated by creating two 

equations for the voltage at the fault; one from the sending end and the other from the 

receiving end phasor data. The resultant simultaneous equations are solved using sequence 

components to determine the distance to fault.

However, on untransposed lines, the ideal approach is to use modal analysis to identify the 

eigenvalues and eigenvectors of the circuit. In this way, a multiphase system can be 

decoupled into a number of single-phase modal circuits. Each of these can then be 

individually solved for fault location. Nevertheless, most algorithms still maintain a high 

accuracy when using sequence values.

To accurately locate all faults, the phase-to-ground voltages and currents on each phase 

must be measured [26]. The phasor quantities are then extracted by a suitable filtering 

technique to ensure that transients do not affect the measured quantities [26]. Analogue 

filters are still common, but these cannot be used to remove DC offset from the observed 

signal. For this reason, Fourier approaches are often used to extract the fundamental voltage 

and current phasors [27].

A knowledge of the fault type is also essential for single ended fault location as this 

determines the measurement loop to be used in the calculation [26]. This is often achieved
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by observing the protection relay ‘flags’ or starting elements immediately after a relay 

operation, or by applying a separate fault type determination algorithm for the busbar.

2.5.1 Single Ended Fault Location

Protection relays are, by nature, single ended devices only meant to access currents and 

voltages at one terminal of the line [28]. In order to protect the line, a protection relay does 

not need a very accurate fault location. The objective is simply to determine whether a fault 

has occurred within the protected ‘zone’.

Single ended fault locating algorithms are often implemented in distance protection relays 

since the phasor values are readily available. Such single ended algorithms are chosen for 

their simplicity and speed. However they can give spurious or erroneous results when there 

is zero sequence coupling, fault resistance, tapped loads or a lack of conductor 

homogeneity.

The equivalent busbar source impedance behind the relay also impacts on the accuracy of 

these algorithms. This is especially true if there is a high impedance fault and the X/R ratio 

of the source varies considerably from that of the line impedance. Consequently these 

algorithms often do not provide the accuracy commonly required by operations field staff.

2.5.1.1 Incorporating the Line Differential Equation

Historically, the line differential equation was more commonly used in protection relays to 

solve the fault location problem [29]. The earliest General Electric (GE) digital distance 

relays used this differential equation for the protection functions [28]. This technique does 

not require the calculation of the voltage and current vectors. More importantly, it can be 

readily applied to non-sinusoidal voltage and current waveforms.

The differential equation shown in (2-95) below is calculated at two points in time and then 

solved simultaneously to obtain the distance and fault resistance:

where

V - m ^-X(i + kli0)+r,(i + kri0)
co at

K

+ RfIf

3X,

(2-95)

(2-96)
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and Kr (2-97)
3 /?,

Here, Xj and Xq represent the reactive component of the positive sequence and zero 

sequence impedance, respectively. Similarly, / is the observed current phasor, while Iq is 

the zero sequence current. Also, Ri, Ro and Rf are the positive sequence line impedance, 

zero sequence line impedance and the fault resistance, while m is the distance to the fault.

It was later suggested that the fault current was approximately in phase with the sum of the 

positive and negative sequence fault currents [29]. The positive and negative sequence 

network of high voltage power system may vary with loading variations and switching 

operations. On the other hand, the zero sequence impedance is relatively stable.

Hence, a differential equation algorithm was developed that used instantaneous values of 

voltage and current to calculate the fault distance independent of the fault resistance based 

on the assumption that the zero sequence current at the relaying point could be substituted 

for the fault current [29]:

Laboratory tests have shown that the resistive coverage is improved greatly with the 

modification. However the zero sequence current is rarely in phase with the fault current 

due to the zero sequence infeed from the remote end of the line. The phase difference 

between I0 and If is also dependant on the power system operating parameters such as fault 

resistance, and may impart some overreach on the impedance calculation.

Assuming that the fault resistance is large, the current and voltage signals will be sinusoidal 

due to the damping effects. In this case, this algorithm can also be solved in a similar 

fashion to the simple single-ended impedance technique described in Section 2.5.1.2 as 

shown below:

(2-98)

V = m(l + kI0)Z] + RfIf (2-99)
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k = Z° Z| (2-100)
3 Z,

and If * /0 (2-101)

2.5.1.2 Single-Ended Distance-Based Impedance Measurement

As with all single ended fault locators, knowledge of the fault type is required in order to 

base the calculations on the correct fault loop impedance. For any fault involving more than 

one phase, the following distance equations compare the voltage between the two faulted 

phases with the difference between the phase currents [30]:

ZM=(V,-VB)/(lA-Ie) (2-102)
Zbc = (^b C:)/iU ~^c) (2-103)

and Zc,=(Kc-K,)/(/c-/,) (2-104)

However, earth faults incorporate zero and positive sequence currents. As the positive and 

zero sequence impedances are usually different in overhead lines, the residual 

compensation factor Kq is required to equate the observed phase impedance to that of the 

positive sequence line impedance [30]. Hence, the distance calculations for faults to earth 

are given by:

Z A = VA /(^ A + I RESIDUAL ^0 ) (2-105)
^B ~^bI(/B + IRESIDUAL K0 ) (2-106)

and = Vd(lC + I RESIDUAL ^0 ) (2-107)
where tf0=(Z0/Z,-l)/3 (2-108)
and IRESIDUAL ~ IA+ IB + (2-109)

The relative fault location can then be obtained by dividing the apparent impedance by the 

actual positive sequence line impedance. As shown in (2-110), the fault location m is then 

obtained from multiplication with the line length / as:

m =

f

v
Calculated Z, 

Line Z,

\
l

J
(2-110)
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Often, the apparent reactance values are used to eliminate the effects of fault resistance 

when there is light loading. Equation (2-111) shows how the fault location can be 

calculated from the positive sequence line reactance Xj\

m =
' Calculated N 

Line Xl
(2-111)

The measured impedance unfortunately depends on many additional factors not represented 

in these equations. These include circuit asymmetry between the fault and the measurement 

point and mutual coupling. Other problems can arise from tee’d circuits, conductor 

configuration changes, instrument transformer errors, and non-uniform or unknown soil 

resistivity. Large errors are also introduced by remote end infeed, large fault impedances, 

large power angles and differences in the X/R ratios of the source and line impedances.

2.5.1.3 The Takagi Algorithm - Compensation for Remote End Infeed

On more heavily loaded lines, significant fault location errors can occur when the resistance 

is large. Since the voltage drop in the fault has a resistive and reactive component the high 

pre-fault current converts some of the resistance into an observed reactance.

Takagi and Alexander [28] proposed a method of solving these equations while minimising 

this reactance effect. Their simple approach can reduce the effects of fault resistance and 

pre-fault load tenfold [26]. The only constraint is that this algorithm cannot be applied 

when the pre-fault current is not known. In this case, the fault location m can be calculated 

by:

and

m = \m{VsI^)l\m{ZLIsI^)
I jS ~ I SO (POST-FAULT) ~ *SO(PRE-FAULT)

(2-112)

(2-113)

where the voltage and current observed by the relay are given by Vs and Is respectively. Zl 

is the positive sequence impedance of the line, lso the zero sequence current, and the Im 

operator selects the imaginary component of the resultant phasor.

Some present General Electric relays use an algorithm which is very similar to the Takagi 

algorithm since it requires the same data and produces similar results:
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Im(Fs)Re(/ys)-Re(Fs)Im(/ys)
m =------------------------------------------------- (2-114)

Im(Is Z,) Re(7^) - Re(/S .Z,) Im(/p)

where the Re operator defines the real component of the phasor.

Both of these fault location algorithms also require another embedded system to determine 

the fault type before the calculation is processed since the location algorithm is based on 

the fault loop impedance [28]. This may be achieved by considering the operation of phase 

of earth protection elements within the relays.

Since the development of these formulae, Schwietzer [1] has identified some small errors 

with the Takagi algorithm and has introduced a modified algorithm. Furthermore, Takagi 

and Erikson [1] have also proposed other single ended fault location techniques that used 

pre-fault currents, and the current distribution factors and the impedances of the equivalent 

sources behind the busbars.

2.5.1.4 Fault Location for Parallel Circuits using the Quadratic Equation

When implementing fault location algorithms on double circuit lines, zero sequence mutual 

coupling between circuits can also result in large errors. Several algorithms have been 

developed for dual circuit lines based on the measurement of current in the un-faulted 

circuit or from a knowledge of the surrounding system and relevant source impedances. For 

this reason, communication channels are required between relays or more complicated 

input parameters are required for these algorithms.

The approach presented in [25] solves this problem without requiring source impedance 

data for the local and remote busbars. It also avoids the pre-fault data required in [31] and is 

based on fault loop calculations around the sequence networks for the dual circuit lines.

This equation is in the form of a quadratic, given by:

B2m2 -B}m +B0 =0 (2-115)

where m is the fault location and Bo, Bi and are coefficients which are calculated from 

the network configuration [25].
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This algorithm has been used in relays since 1982 and simply uses the distance protection 

zone elements to determine which type of fault has occurred. From this it can determine 

which sequence loop to adopt when calculating the impedance to the fault. The continuous 

to discrete Z transformation of this method has also been published in [32],

Many similar algorithms have been proposed, including one that requires only the positive 

sequence impedance data. Using this modified quadratic equation, the voltage drop across 

the fault resistance is determined without requiring any zero sequence parameters [31].

An alternate approach is presented in [33]. Here, the current distribution factors between 

the two lines are used instead of the zero sequence current parameter on the neighbouring 

line. This technique results in a polynomial to the power of 4 instead of the common 

quadratic.

Nevertheless, this quadratic approach is relatively complicated and requires voltage and 

current phasors from both circuits. For this reason, double ended impedance-based 

algorithms are often selected in preference to quadratic algorithms when applied to double 

circuit lines.

2.5.2 Double Ended Fault Location

Double ended impedance-based methods can significantly improve the accuracy of fault 

location calculations. Most simple double ended algorithms require voltage and current 

vectors which are synchronised using GPS or other systems. In some situations, 

synchronisation can also be derived from pre-fault data or from other iterative methods.

The main advantage with these double ended approaches is that they are free from zero 

sequence effects such as mutual coupling and errors due to fault resistance [26]. 

Nevertheless, the communication requirement between relays often limits the 

implementation of these algorithms.

2.5.2.1 Fault Location Using Synchronised Measurements

For circuits where the voltage and current vectors (and hence the sequence components) are 

synchronised, the simple double ended algorithm can be adopted. This technique recognises
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that the voltage along the line can be represented as a function of the distance to the fault. If 

there is only one fault, two equations can be generated from each line terminal, equated and 

solved [27]. Figure 2-13 demonstrates the application of this algorithm on a circuit with 

busbars S and R.

Bus S Bus R
m , (1-m)^ .___^------------------------1^------------- ^

\

Figure 2-13. Simple fault location representation based on a double ended topology

The following two equations define the voltage at the fault, as observed from each end of 

the line:

Vf = VS - mZL Is (2-116)
and Vf=VR-{\-m)ZLIR (2-117)

where Vf is the voltage across the fault, Zi the line impedance, and Vs, Vr, Is and Ir are the 

voltages and currents at the source busbars.

These equations can be solved for any of the sequence parameters, although it is usually 

best to use positive sequence values to determine the fault location m, as given by:

m = \(Vs,-Vm +Zi/Jil)/(Z,(/Sl +/fil))| (2-118)

where Vsi and Isi are the positive sequence voltage and current at busbar S, and similarly, 

Vri and Ir/ the positive sequence voltage and current observed at busbar R. Again, Zy is the 

positive sequence line impedance.

2.5.2.2 Fault Location Using Unsynchronised Measurements

Double ended unsynchronised algorithms can be used where GPS timing is too expensive 

or where the manual synchronisation of vectors becomes too laborious. Some preference is 

often given to these methods as they can also be used with synchronised data.
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The early use of unsynchronised phasors in fault location was described in [3], where the 

fault location is found by solving the line impedance matrix using a least squares approach. 

The use of non-linear least squares were required if any synchronisation error was present.

Other approaches have used the pre-fault phasor values of current and voltage to determine 

the synchronisation error between the two terminals. This can then be applied to the post 

fault vectors. However, this method requires the user to compute and manually enter the 

pre-fault data.

Naturally, this does not work for faults where there is minimal pre-fault load or when a line 

is switched onto a fault. As this technique also requires a knowledge of the fault type to 

find the location, accuracy can also suffer with any dynamic change in the fault 

characteristics [3].

Schweitzer [1, 34] has introduced a two-ended method that does not require source 

impedance data or synchronised sampling. However, it still requires the pre-fault load data 

for phase alignment.

Another double-ended algorithm has been proposed in [1]. This does not require data pre

alignment, pre-fault load, faulted phase selection, or iterations to find a solution. Instead, 

this technique is based on the magnitude of the negative sequence current at the line 

terminals. The only drawback is that it will not produce a location for balanced three-phase 

faults as the negative sequence current is usually negligible.

Novosel et al [3, 29] recently presented an elegant two terminal approach to fault location 

using a Newton Raphson solution to find the synchronising angle. Jamali [35] further 

documented this technique, which uses the current and voltage phasors measured at the line 

ends. This method gives the location without any fault type classification.

Equations (2-119) to (2-125) below may be solved using the positive, negative or zero 

sequence parameters from the faulted circuit. Again, any balanced set of sequence phasors 

may be used for the analysis. However, it is again recommended that the positive sequences 

are used despite some degradation for high impedance faults.
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This is a moderately complicated algorithm which begins by calculating the following 

coefficients, as given by:

C, = Re(Z,) Re(Is) - Im(Z,) Im(/S) (2-119)
C2 = Re(Z,) Im(/5) - Im(Z,) Re(/S) (2-120)
C3 = Re(Z,) Re(7/?) - Im(Z,) (2-121)
C4 = Re(Z,) Im(/2?)-Im(Z1) Re(IR) (2-122)

and
A - -C3 Re(Fs.)-C4 Im(F5)-C, Re(^) + C,C3+C2C4 (2-123)
B = C4 Re(F5) - C3 Im(F,) - C2 Re(F*) + C, Im(^) + C2C3 - C,C4 (2-124)
C = C2 Re(Vs) -C, Im(Fs,)-C4 Re(F/2) + C3 Im(FJ (2-125)

where Vs and Is are the positive sequence voltage and current observed at bus S, and 

similarly, Vr and Ir the positive sequence voltage and current at bus R.

A Newton Raphson solution is then used to determine the synchronising angle 5. This 

iterative process usually starts by assuming that the phasors are synchronised (Sk=0), and 

terminates when the difference between Sk+i and 5k is less than 104, and

(2-126)

Having identified this synchronising angle, the fault location m can then be found using the 

following equation:

Re(Fs)sin£ + Im(F5)cos£ - Im(F^) + C4m —------ ---------------------------------------------  (z-iz/)
C, sin 5 + C2 cos 5 + C4

2.5.2.3 Simple Compensation for Long Lines

These equations can give reasonably accurate results for faults on circuits up to around 

100km in length. However, fault analysis on more lengthy lines often requires that the line 

susceptance be considered.

Reference [36] describes a simple method to compensate for the shunt capacitance of long 

lines. Also described in [3], this technique assumes that the fault voltage is small compared
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with the voltage at the line terminals. Hence only the n equivalent capacitive admittance at 

the busbar needs to be considered. The effect of line capacitances at the fault location can 

be neglected because the impedance of the capacitive branch is often larger than the fault 

resistance.

The modified line currents Is and Ir’ can be calculated from:

IS,=IS-YSVS (2-128)
and IR, = IR-YRVR (2-129)
where Ys = m YLINE / 2 (2-130)
and Yr = (m-\)YUNE / 2 (2-131)

Here, Ys and YR are the equivalent admittances at busbars S and R, respectively. Using these 

equations, the new phase currents can be determined and the fault location re-estimated. 

For longer lines, distributed line models may be required [3]. However the potential 

increase in accuracy is usually minimal when compared to other transducer and parameter 

errors.

2.5.3 Impact of Fault and Power System Parameters

Several factors can present difficulties for reactive based fault location techniques when 

applied within a common transmission system. These are further described below.

2.5.3.1 Fault resistance and pre-fault load

The combination of pre-fault load and fault resistance can introduce errors in reactive fault 

calculations. Single ended reactance algorithms are more strongly affected than those that 

incorporate data from two terminals.

This sensitivity to resistance for a given pre-fault load is often a function of the source 

impedances and the difference between the line and source impedance X/R ratios. This is 

significant as the load may result in phase angle differences of more than ten degrees across 

long circuits [26, 37].
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2.5.3.2 Zero sequence impedance errors

The zero sequence source impedance Z0 is dependant on variations in soil resistivity, 

conductor size and configuration, and the conductor’s height above the ground plane. If the 

zero sequence impedance is 20% lower than expected, calculations can produce a location 

up to 15% short of the exact location [26].

2.5.3.3 Zero sequence mutual coupling

The zero sequence coupling between circuits on double circuit lines is usually uniform. 

Hence it is not difficult to modify the algorithms to consider the currents in parallel circuits 

(refer to Section 2.5.1.4). Reference [38] also presents an approach whereby the residual 

compensation factor is used in addition to another term which compensates for the zero 

sequence current in a neighbouring line.

However, in some situations the coupling is not uniform. For example, the conductor size 

or configuration can change along the line, or even worse, circuits may run in parallel for 

only part of the line length.

2.5.3.4 Series compensation

The installation of series capacitors negates a percentage of the reactance of a particular 

line. This provides for better transient stability margins, load division on parallel paths, 

reduced transmission losses and voltage drop. However, a steady state error is possible 

because the voltages measured by the bus voltage transformers include both the line drops 

to the fault and across the capacitor itself [26].

This voltage drop must be compensated by fault locating algorithms. However, if the 

protective gaps flash across the capacitors, then this compensation itself introduces errors.

2.5.3.5 Non-homogeneous Conductor Configurations

Often, especially at lower voltages, Z0 and Z/ can change considerably along the circuit due 

to changes in the size or configuration of conductors, or variations in soil conditions.
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2.5.3.6 Tapped loads

Tapped loads seldom affect the fault location calculation following phase to earth faults as 

loads are commonly connected via delta-wye transformers that prevent zero sequence 

current infeed. However these loads do impact on the accuracy of most calculations when 

the load current is relatively large compared to the fault current. In particular, this becomes 

more problematic with tapped loads on radial circuits.

2.5.3.7 Three terminal lines

Many transmission circuits have tee connections which ultimately connect the feeder to 

more than two busbars. In these situations, single ended fault locators can indicate 

accurately up to the tap point. Beyond this, infeed becomes excessive and makes the fault 

seem much further away.

This problem can be overcome, to an extent, by installing fault locators at each terminal of 

the line and examining all three readings following a fault.

2.5.3.8 Cogeneration

Some distribution systems incorporate cogeneration on radial systems. Fault locating 

algorithms will usually indicate accurately up to the generator. Again, the infeed produced 

by the generator dramatically increases the apparent impedance for all other faults.

2.5.3.9 Short duration faults

Impedance based techniques require that the system frequency voltage and current 

quantities can be measured accurately. Often a discrete Fourier transform algorithm is used 

which requires the fault to exist for at least one cycle. A two-cycle fault is commonly the 

lower limit for consistently reasonable results. Some protection relays now incorporate 

filtering algorithms that can determine vectors in 0.25 or 0.5 cycles. These are relatively 

inaccurate and only designed for fast clearance times.

2.5.3.10 CVT Transients

Capacitively coupled voltage transformers are commonly used at transmission voltages. 

These can delay the secondary voltages and create transients in the secondary circuitry [39].
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Filtering of the current and voltage vectors in the fault locator must remove the transient 

components created by this equipment.

2.5.3.11 Current Transformer Transients

For close up faults where the fault resistance is low, the primary and secondary current 

transformer (CT) signals can differ due to saturation effects. This effectively robs the fault 

locator of current, making the measured impedance increase above its expected value 

without saturation.

2.5.3.12 Delta Connected VT’s

Some substation installations use delta connected voltage transformers, which do not 

produce phase to neutral voltages. This option may be selected for economic reasons as two 

line-to-line VT’s can perform the same duties as three single phase units. In such situations 

the phase to ground voltage may be calculated from an estimate of the zero sequence bus 

impedance, which is based on the zero sequence current.

For an A to Ground fault, the phase voltage VA can be calculated from Vab and In by

VA=V\+V2+V0 (2-132)
or V^MW^-Vc^ + V, (2-133)

where Vo can be estimated using the relationship:

K=-Z„I„ (2-134)

Therefore, the phase voltage is given by:

VA=\IWM-VCA)-Zal0 (2-135)

This process of estimation can introduce additional errors into the fault location estimation.

2.5.3.13 Transmission line asymmetry

The asymmetrical nature of the lines result in a small disagreement between the actual 

impedances observed for faults between different conductors. For a line constructed with a 

horizontal geometry, there is virtually no ground fault phase dependency as long as the
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residual current and faulted phase current are close together. Alternatively, with a vertical 

line configuration there is some ground fault phase dependency due to differences in the 

self-impedances of the conductors.

2.5.3.14 A Closer Examination of Line Configuration and Asymmetry

Consider further the errors imposed by transmission line asymmetry. Different line 

configurations will result in considerable variations in the phase and sequence loop 

impedances. Footing resistance, earth resistivity, system frequency, transposition, the 

presence of earth wires and coupling conductors are some of the greatest influences on this 

overall line impedance. Moreover, when there is more than one circuit within an easement 

the overall line impedance will vary in accordance to the phasing techniques used.

Figure 2-14 shows two common phasing techniques. Of these, low reactance phasing is 

generally the most common on lengthy transmission circuits.

• A • A • A • C

• B • B • B • B

• c • C • C • A

High Reactance Low Reactance

Figure 2-14. Phasing techniques

High reactance phasing, as suggested by its name, results in an overall circuit impedance 

which is greater than that observed for a low reactance phasing. This can be beneficial in 

obtaining particular load flows within a network, however low reactance phasing is almost 

always used due to possible transient stability and voltage control issues .

Circuit transposition also assists by reducing the overall line impedance, and any mismatch 

in the conductor loop impedances. At transmission voltages, there are generally three 

transpositions per circuit which divide the line into sections of equal length.

Figure 2-15 shows two simple line configurations for a single and dual circuit comprised of 

twin Sulphur conductors.
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• A # A or C

• B • B

• C • Cor A

11m

//////////// 

Figure 2-15. Single and dual circuit configurations

As shown in Table 2-3, the loop impedances vary significantly between the phases on a 

hypothetical untransposed circuit. As indicated from (2-7) to (2-10), the positive sequence 

line impedance is given by the average phase impedance of the circuit. Conversely, 

transposed circuits exhibit phase loop impedances which are identical to the positive 

sequence line impedance.

Table 2-3. Transposed and untransposed single circuit phase impedances
Impedance Untransposed Transposed

Pos. Sequence (Z;) 58.89Z84.90 53.12Z85.00
A-B Loop 64.38Z85.20 53.12Z85.00
A-C Loop 55.87Z84.80 53.12Z85.00
B-C Loop 56.59Z84.60 53.12Z85.00

Similarly, Table 2-4 indicates that the overall positive sequence impedance also fluctuates 

with regard to the phasing scheme used.

Table 2-4. Phasing and transposition of dual circuits
Impedance

Low Imp. Phasing 

Untransposed
High Imp. Phasing 

Untransposed
Low Imp. Phasing 

Transposed

Pos. Sequence (Z,) 57.00Z84.80 61.68Z85.00 51.26Z84.90
A-B Loop 59.56Z85.00 69.20Z85.40 51.26Z84.90
A-C Loop 55.35Z84.70 57.59Z85.00 51.26Z84.90
B-C Loop 56.03Z84.60 58.33Z84.60 51.26Z84.90

Generally, the impedance based techniques require a linear correlation between distance 

and the observed impedance from one terminal of the line. This requires a transmission line 

that is homogeneous in its line construction and geometry, soil resistivity, and one which is 

continuously transposed.
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However, it is unlikely that some or even all of these conditions can be met for any 

particular circuit. In situations where the fault distance to impedance relationship is not 

linear, predetermined ‘nomographs’ are sometimes used to define the fault location [40]. 

For earth faults, calculating the observed fraction of the positive sequence impedance also 

requires the residual compensation factor. This is in turn derived from the positive and zero 

sequence line impedances.

Consider as another example, the 330kV Australian interconnecting transmission line from 

New South Wales to Queensland. One of the double circuit lines comprising this 

interconnector is 164.8 km long with three transposed line sections constructed using a low 

reactance phasing arrangement. Each transposition point is located 57km from each line 

terminal respectively. Consequently, the section of line between these transpositions is 

50.8km in length.

This double circuit line and the associated source impedances have also been modelled with 

the aid of the ATP. The steady state solution to this model has been used to derive the 

asymmetrical current and voltage phasors observed at each terminal following a fault on the 

lower conductors of the line.

These calculations assume no pre-fault loading on the circuit, and a zero impedance fault. 

Consequently, the errors shown in Figures 2-16 and 2-17 are solely due to the zero 

sequence coupling to the neighbouring circuit and the asymmetrical nature of the 

transmission line segments.

Figure 2-16 shows the fault location nomograph which has been derived from the single 

ended Takagi algorithm. As a precursor to the content of Chapter 4, unearthed inter-circuit 

faults have also been considered in this calculation.
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Transposed Line

Figure 2-16. Single ended Takagi algorithm

Distance to fault (%) 

No Transpositions

Similarly, Figure 2-17 shows the calculated nomograph using the double ended 

synchronised-phasor algorithm. It is noted that this algorithm is clearly less susceptible to 

phasing and geometry asymmetry. However, pre-fault loading, larger fault impedances and 

variations in the source impedance may further reduce the accuracy of these two 

algorithms.
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Figure 2-17. Double ended synchronised phasors algorithm

Travelling wave algorithms, on the other hand, are not affected by the phasing or 

asymmetry, provided that the same conductor sizes and geometry are maintained along the 

circuit.

2.6 Travelling Wave Fault Location

Travelling wave fault location systems are based on the modal propagation of travelling 

wave transients. Such travelling wave fault locators are potentially very accurate, although 

they require high bandwidth transducers and the recorded transients are often difficult to 

interpret.

Historically, travelling wave fault locators were applied to out-of-service circuits to identify 

permanent faults. Recently, online techniques have been developed which can incorporate 

GPS time synchronisation, but these usually require data from more than one location in the 

power system [32].
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Travelling wave algorithms perform the calculation based on the time difference between 

two transient signals. This requires the signal propagation velocity, the electrical line length 

of the conductor, and an accurate means of recording time.

One of the limitations with these techniques is that they can provide spurious fault location 

estimates depending on the network topology and the location of the recording devices 

[41]. This problem occurs when two transients that originated at the fault arrive at 

travelling wave recorders via a path in the network that was not anticipated. This is 

common in meshed systems incorporating short feeders and on double circuit lines.

Other scenarios have been observed where the presence of dual circuit lines and an 

interconnected network has resulted in several virtual fault locations being recorded in 

addition to the correct one [2].

2.6.1 Classical Travelling Wave Algorithms

In principle, it is possible to measure either the voltage or the current transients at a busbar. 

However, there is an advantage in using the current transient since the busbar generally has 

a lower surge impedance than the transmission line. This almost results in a current 

doubling and a voltage cancellation at the measurement point [42]. Moreover, capacitive 

voltage transformers are usually employed at voltages in excess of 132kV. These do not 

have the dynamic range required to observe travelling wave transients [37]. Other coupling 

devices are needed such as voltage transformers developed from equipment bushings or CT 

dielectric loss angle test points [43].

Measuring the surge currents at each busbar, the travelling wave fault location techniques 

can loosely be classified into the following five general approaches.

2.6.1.1 Travelling Wave Method A

The travelling wave method A is the simplest approach in terms of the hardware and 

equipment required but often results in observed signals that are not easy to analyse. It only 

requires a single recorder at one end of the line that triggers on the first transient wavefront 

that it detects and then carries on recording for a few milliseconds. The aim is to identify
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the initial pulse from the fault together with a series of reflections that may involve the fault 

and both remote and local busbars. Figure 2-18 is a form of the well known lattice diagram 

[44], and is commonly used to represent travelling wave reflection propagation with respect 

to time.

Figure 2-18. Travelling wave fault location - method A

Here, TA is the time taken for a signal to travel from the fault to busbar^, and similarly 7# 

corresponds to the travelling time between the fault and line terminal B. The fault locator at 

bus A will only be able to calculate the fault location when both the initial and reflected 

wavefronts are detected at times TA and 3TA.

The distance from A can then be calculated from the following equation:

m = ATx- (2-136)
2

where AT is the difference in time between 3TA and TA, and v is the transient propagation 

velocity [19].

There are several disadvantages with using this single ended approach. Firstly, it requires 

the arc impedance to be significantly lower than the surge impedance of the overhead line. 

Further complications arise in the case of incipient faults where a small discharge arc has 

dissipated before either of the two wavefronts has returned from the line terminations.
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Similarly, lines with discontinuities such as branches and sections of cable can be 

problematic as the modal surge velocity is no longer constant along the circuit.

2.6.1.2 Travelling Wave Method B

Method B utilises a fault locator at each end of the circuit, where only one of these 

recorders uses an accurate time base. This negates the need for clock synchronisation as is 

later described in method D. Consequently, a communications link D is required between 

the two units in order for any time synchronisation to occur.

Figure 2-19. Travelling wave fault location - method B

Thus instead of recording the difference in time TA-TB, the fault locator now has to 

incorporate the time delay of the communications channel 7b, where the fault location is 

given by:

(2-137)

where AT is the effective difference between times TA and Tg. Unfortunately, most 

communications channels have their own propagation characteristics which are sometimes 

not clearly defined in time.

Page 67



Literature Review

2.6.1.3 Travelling Wave Method C

Method C is another single ended scheme and is similar to that of method A, with the 

exception that transients are injected from the monitoring site instead of being generated by 

the fault. The injected pulse reflects off any discontinuities in the line and allows the 

observer to determine the time between the initial injection and the reflection from the fault 

itself.

This method of fault location is commonly used in commercially available cable fault 

locators and off-line techniques such as time domain reflectometry.

Figure 2-20. Travelling wave fault location - method C 

Here, the distance to the fault can simply be determined from:

m = AT x— (2-138)
2

where AT is the time difference between the initial injected pulse and TA.

2.6.1.4 Travelling Wave Method D

Method D is another double ended approach, although synchronised timing is now used at 

both recording locations. This requires the use of GPS or another time synchronisation 

scheme. Additionally, one or more communication channel is required to allow the data 

from the two recording stations to be brought to a central location.
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When a fault occurs, both locators record the arrival time of the initial transient pulse. 

These are shown in Figure 2-21 by times TA and TB. The fault location is then determined 

from the time difference between these two recorded wavefronts.

RECORDER 
WITH TIMER

RECORDER 
WITH TIMER

SYNCHRONISING
CLOCK

A
i"

H"

B

Ta

Tb

Figure 2-21. Travelling wave fault location - method D

The only disadvantage with this method is that the circuit breakers at both ends of the line 

must generally be closed in order for a current pulse to be recorded in the current 

transformers.

Here, the distance from busbar A can be calculated from:

m = — + A7j9 1
(2-139)

where AT is the difference between times TA and 7#. Similarly, the distance from busbar B 

is given by:

m =
2
- A71 (2-140)

2.6.1.5 Travelling Wave Method E

The single ended requirements for method E are the same as for the methods A and C, but 

the source of the transient is different. Instead of the location being determined from a pulse
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that originated from the fault or from an injected signal, the transient is generated by the 

circuit breakers when re-energising the circuit.

As a circuit breaker closes onto a de-energised line, a step voltage will be applied to the 

phases of the line as the contacts of each phase of the circuit breaker reach their pre-arcing 

position. Effectively, each pole of a circuit breaker acts as a separate impulse generator 

with a firing time and output voltage that varies between the phases due to the different 

points on the wave at which each interrupter pre-strikes.

An opening circuit breaker can also theoretically produce type E travelling waves if there 

are any re-strikes within the interrupter, as can a breaking conductor if there are re-strikes 

between the conductors as they separate.

B

Figure 2-22. Travelling wave fault location - method E

Here, the recorder will observe the initial transient and the first reflection at a time 2TA. 

From this the distance to the fault, or remote busbar, can be determined from:

m = ATx — 
2

(2-141)

This method provides a very useful way of calibrating the propagation velocity and the 

length of the overall circuit.
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2.6.2 Documented Accuracy of Travelling Wave Implementations

Time domain reflectometry was one of the first functional applications of travelling wave 

fault location [45, 46]. This is an offline technique based on method C where a signal is 

injected onto a line or cable. It is interesting to note that this technique requires transducers 

with a known surge impedance, and good high frequency characteristics [46]. Due to the 

non ideal nature of such transducers several signal processing techniques are often applied 

which require the identification of the inflection points in the time domain signals. This is a 

very accurate technique, although this accuracy comes from the use of purpose-built probes 

and transducers.

On-line travelling wave fault location algorithms have only recently become popular on 

transmission networks. As a result, very little data is available to quantify the accuracy of 

these techniques. Nevertheless, the results that have been published are often contradictory, 

especially when it comes to the achievable fault location resolution.

2.6.2.1 Accuracy of Travelling Wave Techniques

Surges on overhead lines travel at a calculated velocity which is dictated by the modal 

analysis of transmission line models. The actual propagation velocity is often assumed to 

be 99% of this value due to the additional conductor sag and the resulting difference 

between the electrical line length and the documented span lengths [47],

It has also been claimed that the GPS timing accuracy of ±lps, combined with the 

1.25MHz sampling rate used in most travelling wave recorders should have absolute fault 

location accuracies of “around ±500 feet, irrespective of the line length or fault type” [47]. 

A similar statement is made in [41] where a resolution of ±150m has been noted. The 

obtainable accuracy in each case is solely due to the calibrated modal velocity and known 

line length. Considering the line sag, and calibration errors, the overall accuracy of such 

systems is also claimed to be ±300m [41].

Five faults were also closely examined in [41], where each of these was identified to within 

one tower span using double ended type D travelling wave methods. Gale [47] has also 

correlated data from the U.S. National Lightning Detection Network against a lightning
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strike on a 115kV transmission line. The analysis concluded that the fault was located to 

within around 3000 feet, thus showing “a remarkably good correlation” [47].

A similar analysis has been performed by CLP Power in Hong Kong. In this case, no 

qualitative data was provided, although there was also “a remarkably good correlation” 

between the travelling wave recorders and the lightning location system [41].

2.6.2.2 Difficulty in Determining the Wave Front

Good fault location accuracy has also been claimed in [48] where a resolution of 2m is 

proposed with a sampling period of 25ns and a propagation velocity of 160m/ps. Similarly 

a theoretical resolution of 0.75m to 1.0m is referred to by Komoda [49]. Similar claims are 

often made, but these are generally based on data obtained from simulation rather than field 

studies.

The core difficulty associated with the travelling wave techniques is the “accurate 

extraction and characterisation of travelling wave transient components” [42]. Gale has also 

noted the difficulty in analysing the transient signals [47]. Firstly, the time domain signals 

often contain large amounts of high frequency noise which are probably due to instabilities 

in the fault arc. Secondly, the rough starting point of each transient is easily identifiable, 

although compensation for a phenomenon called “trigger delay” is still required at each end 

of the line.

This identification of signal wavefronts has been one of the greatest problems in providing 

accurate results using this technique. Consequently, the fault location and protection 

techniques using travelling waves cannot currently offer a “good performance” due to the 

wave distortion from the filtering of non-ideal circuits and coupling devices [49].

Dong [42] suggests that an effective means of overcoming this difficulty is through the use 

of wavelet techniques. This combined with improvements in optical current transformer 

technology [13] can greatly improve the resolution and accuracy of these systems. However 

the use of existing protection current transformers is still greatly preferred by industry due 

to the simplicity and the potential costs of alternative technologies.

Page 72



Literature Review

2.6.2.3 Single Ended Travelling Wave Fault Location

Single ended analysis is noted as being too complex and erroneous for operations personnel 

to accurately locate faults [41]. This is due to the problems with distinguishing between 

travelling waves reflected from the fault and the remote end of the line [13]. Subsequent 

experience has shown that the Type D method provides the simplest and most accurate 

technique to identify the fault location estimation.

Consequently, very few publications refer to single ended travelling wave analysis without 

being incorporated with other technologies. For instance, the single ended algorithm has 

been proposed in conjunction with impedance based fault locators [37, 50]. This reference 

uses a robust one terminal impedance based fault location algorithm along with single 

ended travelling wave data. Flere, the impedance algorithm can help to identify the correct 

reflections, while the arrival time of these reflections provide the required accuracy.

One approach which can assist with the identification of the reflections is presented in [50]. 

Here, the voltage and current travelling wave signals are decomposed into their modal 

components, from which the forward and backward travelling waves are reconstructed. 

Theoretically, this technique appears to have several advantages, but it is currently not 

possible to obtain undistorted voltage and current waveforms at a line terminal without a 

great deal of difficulty and expense.

2.6.3 Signal Processing for Travelling Wave Methods

Almost all travelling fault location systems require the user to manually identify the 

forefront of the travelling wave transient. Some incorporate simple signal processing 

techniques which are based on thresholds and the rate of change. However, more robust 

approaches are available.

References [51] and [52] present a comparative overview of Fourier, short time Fourier, 

and wavelet transformations. Unfortunately, the Fourier transforms and other conventional 

signal processing techniques cannot completely represent these transients in both the 

frequency and time domains [42].
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A different approach to simple time domain analysis has been taken in [53] by applying the 

wavelet transform to assist with locating faults on distribution networks. The wavelet 

transform has been found to be an excellent means of identifying the travelling wave 

reflections from the fault irrespective of the fault type and impedance when combined with 

modal decomposition [13]. In this implementation, the voltage transients are decoupled into 

the modal domain. These modal signals are then decomposed into their wavelet coefficients 

using a discrete wavelet transform algorithm.

Reference [13] also demonstrates the accuracy of the wavelet technique when applied to a 

faulted 200 mile line with the fault location at 20 and 170 miles. Here, an error of 2.99 and 

2.72 miles respectively were calculated in the simulation.

This process has also been adopted by Dong [42] in a paper that applies a dyadic discrete 

wavelet transform to the voltage and current signals at each end of a line. The 

characteristics of the forward and reverse travelling waves are then isolated using the 

modulus maxima of these wavelet signals. Here, the primary application was for line 

protection, however similar principles are valid for fault location techniques.

2.6.3.1 Fourier Methods

Waveforms associated with fast moving electromagnetic transients are typically non

periodic and contain high frequency disturbances and pulses superimposed on the power 

frequency and its harmonics. These characteristics present a problem for conventional 

Fourier analysis because it assumes periodicity in the input signal and requires large 

sampling windows to achieve a good resolution in the lower frequencies.

The Fourier transform X(j) of a continuous signal x(t) is given by:

X(f) = f x(t)e~llnftdt (2-142)
J- GO

When the signal x(t) is in a discrete (sampled) form used in digital computers, the Discrete 

Fourier Transform (DFT) is used. This is defined as:
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N-\ j2nkn

X[k] = ^x[n\e N , x[n\ = x(nTs)
n=0

(2-143)

where x[n] is the sampled form of x(t), with sampling occurring every Ts seconds for n 

samples.

When using the DFT, it is important to observe the Nyquist criterion [51] and the need for 

x[n] to be periodic. Non-periodic signals can introduce observed energy in the sidebands 

associated with the transient disturbance. Moreover, the DFT also provides no method of 

identifying the disturbance in time. This is demonstrated in Figure 2-23 where specific 

frequency bands are shown with no correlation to time.

Figure 2-23. Frequency versus time characteristic of the Fourier transform [54]

Dennis Gabor adapted the Fourier transform to analyse only a small section of the signal at 

a time. Gabor’s adaptation was called the Short-Time Fourier Transform (STFT) [54], It 

maps a signal into a two-dimensional function of time and frequency, as shown in 

Figure 2-24.

Figure 2-24. Frequency versus time characteristic of the windowed Fourier transform [54]
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For this reason, the STFT has been used in many applications. The STFT is similar to that 

of the Fourier transform except that the input signal x(t) is multiplied by a window function 

w(t) whose position is translated in time by ras defined below:

STFS(J,t)= r x(t)w(t-T)e-‘2n,'dt (2-144)
J—00

Again, for implementation with digital data, the Windowed Discrete Fourier Transform 

(WDFT) is often used. This is defined as:

2 /den

WDFT[k, m] = ^ x[n\ w[n - m] e N (2-145)
n

where k defines the frequency of the analysis and the sequence w[n-m] can be the simple 

rectangular window function; given by:

w[n] =
ifO < n — m < N - \ 
otherwise

(2-146)

The WDFT of a signal is often represented in a two dimensional grid where the divisions in 

the horizontal direction correspond to the time aspects of each window w[n-m]. Similarly, 

the vertical divisions represent the frequencies k, and the shade of each rectangle is often 

proportional to the magnitude [51].

The time period associated with each window can be used to identify the starting time of 

power system transients. However, to obtain precise time resolution, the window period 

must also be reduced, which leads to considerable uncertainty in the frequency components 

in each window.

Consequently, there has long been a need for multiple resolutions in both time and 

frequency. This would provide accurate information on the observed transients while also 

retaining information on the fundamental frequency and its harmonics.
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2.6.3.2 Wavelet Transformations

As shown in Figure 2-23, signal analysis using Fourier techniques loses the time 

information contained in a signal. Wavelet techniques maintain this correlation, which 

proves advantageous in determining the arrival times of travelling wave signals.

The windowed Fourier transform partially achieves the same goals, although this technique 

is greatly limited by the fixed window length which is applied to all frequency components 

[13, 52]. Flowever, wavelet approaches overcome this limitation as the window size is 

modified in accordance with the frequency.

Wavelets are usually applied in such a way that their widths are varied according to the 

frequency the user wishes to consider. In this way, higher frequency wavelets are shorter in 

duration while the higher frequency wavelets are longer. These features make the wavelet 

transform very useful in the analysis of short duration high frequency components which 

are superimposed on lower frequency continuous waveforms.

The wavelet transform has been introduced rather recently in mathematics, even through 

the basic fundamentals of this technique have been around for several years [13, 55]. These 

techniques were initially developed by a group of French geophysicists, theoretical 

physicists and mathematicians in the mid 1980’s; namely Morlet, Grossman, Meyer and 

Lemarie [56]. Later, in the late 1980’s two French signal processing researchers 

(Daubenchies and Mallat) further developed these theories. By the 1990’s the north 

American telecommunications industry was incorporating many of the new techniques.

2.6.3.2.1 The Continuous Wavelet Transform

The well known Fourier transform F(co) of an input signal f(t) is defined as:

Similarly, the continuous wavelet transform (CWT) is defined as the sum over all time of 

this signal multiplied by scaled, shifted versions of the wavelet function:

(2-147)
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CWT(scale, position) = f f (t)W(scale, position, t)dt (2-148)
J-oo "

CWT (a, b) = £ f(t)V*s,T (0 dt, \j/'St (t) = -^=y/
v Cl

CWT(a,b) = -L P f(t)V'
■yja J_e0

l J (2-149)

(2-150)
V a ;

where a and Z> are the scaling and translation constants respectively, and is the wavelet 

function which may be either real or complex [13].

The wavelet function itself can be of any particular form as long as it complies with the 

admissibility conditions which dictate that:

\\j/(co)\
dco < +oo

co
(2-151)

where co is the radian frequency [57].

The admissibility condition implies that the Fourier transform of y/(t) vanishes at the zero 

frequency. This means that the wavelets must have a band-pass spectrum. It also means that 

the average value of the wavelet in the time domain must be zero, which implies that the 

wavelet must also be oscillatory.

If the wavelet transform is expanded into its Taylor series at t=0 until order n, then the 

wavelet coefficients will decay as fast as sn"2. This is known as the vanishing moment, or 

approximation order of the wavelet, and the wavelet transform it is applied to. In most 

applications, the approximation order should be small but it does not have to be exactly 

zero [57].

As with Fourier techniques, there are several numerical methods that can be used in 

wavelet analysis. On a single dimensional signal, these primarily include the continuous 

and discrete wavelet transformation. Several other numerical techniques exist, including the 

wavelet transform modulus maxima [58, 56]. However these are less commonly referred to 

in existing publications.

Page 78



Literature Review

The CWT is calculated by continuously shifting a continuously scaleable function over a 

signal and calculating the correlation between the two. Thus the CWT operates at every 

possible scale, from that of the original signal up to some maximum scale that you 

determine by trading off your need for detailed analysis with available computational 

ability. The CWT is also continuous in terms of shifting, since during computation, the 

analysing wavelet is shifted smoothly over the full domain of the analysed function.

Cross correlation analysis is one method of estimating the degree to which the wavelet 

corresponds to the signal [52]. Consider two series x[n] and y[n], where «=1,2,3.jV. The 

cross correlation function at delay d may be defined as:

CCA[d] = 1 - (2-152)

where x and y are the averages of x[n] and y[n], N is the number of samples, while n and 

d are integer variable parameters.

The coefficients obtained at each of the different scales are often combined into a pseudo- 

thee-dimensional image. For example, consider the circuit breaker operation shown in 

Figure 2-25. This was observed by the travelling wave recorders at Sydney West for a 

circuit breaker operation on the Sydney West to Bayswater 330kV line.

After conducting the scaling, shifting and correlation process associated with the CWT, 

Figure 2-26 shows the magnitude of each coefficient in terms of time and frequency.
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Time (ms)
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Scale (cl + 2)

Figure 2-25. The scale, shift and correlate process involved with the continuous wavelet transform
applied to an observed circuit breaker transient

w -40 -

Time (ms)

« 33

Magnitude of Wavelet Coefficients

Figure 2-26. Continuous wavelet transform coefficients obtained from applying the ‘symlets2’ 
wavelet to an observed circuit breaker transient
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To analyse a signal using the CWT at a particular frequency, only a single coefficient 

vector is required. The scale chosen will depend on the sampling rate of the signal and the 

type of wavelet selected.

2.6.3.2.2 The Discrete Wavelet Transform

The discrete wavelet transform (DWT) provides some advantages in its computational 

simplicity. DWT’s are not continuously scaleable and translatable but can only be scaled 

and translated in discrete steps, which actually results in a piecewise continuous function:

DWT(q,n) ■Z,:
^ n — kal ^

(2-153)

where the scaling and translation parameters are replaced with aoq and kaoq, k and q are 

integers, and ao>l is the fixed dilation step. The DWT determines the coefficients on a 

dyadic basis rather than a continuous shifting and scaling as with the CWT.

Time

Figure 2-27. ‘Frequency versus time’ characteristic of the Wavelet Transform

When implementing the DWT, the signal f(k) is applied to a multi-stage filter bank where 

a0=2 and q is the level of decomposition [59], As shown in Figure 2-28, down-sampling is 

performed at the output of each low-pass filter within the filter bank in preparation for the 

next stage. Consequently, the scale has an inverse relationship to the frequency [60], and 

the resulting series of wavelet coefficients is referred to as the wavelet series decomposition 

[61].
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Figure 2-28. One stage of the DWT filtering process using a circuit breaker transient and a
‘symlets2’ wavelet

In principle, any admissible wavelet can be used in the wavelet analysis, as shown in [62]. 

However, some wavelet functions are simpler to construct due to required processes in the 

successive filtering.

2.6.3.2.3 Frequency Considerations

Heisenberg’s uncertainty principle also plays an important part in associating a frequency 

with particular wavelet scales. Here, Ax and Aco are the uncertainties in position and 

angular frequency. This implies that there is an inverse relationship between the resolution 

of time and frequency in a signal, as given by [56]:

Ax Aw >
1

(2-154)

The wavelet transform analyses a signal x at different frequencies with different frequency 

resolutions, whilst keeping Ax/x a constant. However, the relationship between scale and 

frequency is usually defined by the pseudo-frequency corresponding to a scale. This 

pseudo-frequency is proportional to the scaling factor a, the sampling period 7s of the input 

signal the centre frequency for the particular wavelet function y/ [54].

frequency = Tsy/ / a or frequency = Tsy/ / ac (2-155)
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An example of the pseudo-frequency for the Daubenchies2 wavelet is shown in Figure 2-29

[54], while Figure 2-30 shows the relationship between scale and frequency for several

commonly used wavelets where the sampling rate is 1.25MHz.

Figure 2-29. The ‘Daubenchies2’ wavelet and the corresponding pseudo-frequency [54]

SCALE

Figure 2-30. Pseudo-frequencies of several common wavelets, at various scales

2.63.2.4 Wavelet Function Families

In order to visualise some of the wavelet functions considered in this thesis, several of the

more commonly used functions are shown in Figure 2-31. Many of these functions include
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parameters which can be used to alter the shape and dimensions of the wavelet. Hence, 

where applicable, some variations are included.

db2 (Daubenchies)

biorl.3 (Biorthogonal)

Coifl (Coiflets)

sym2 (Symlets)

dblO (Daubenchies)

Bior3.9 (Biorthogonal)

__n K

l
0 5 10 15 20 25

Coif5 (Coiflets)

h

1 1 '
0 5 10 15

sym8 (Symlets)

Morlet

Mexican Hat

Meyer
1 " ------------- 'i

0.5

0

-0.5

-1 ________ ,______ . . . —
0 0.2 0.4 0.0 0.8 1

Haar

Figure 2-31. Examples of some wavelet function families

Page 84



Literature Review

2.7 Conclusion

This introductory review has presented many of the fault location techniques available for 

transmission networks. Throughout this process, consideration has also been given to the 

line sequence impedances and the modal properties of overhead circuits.

There are a vast number of publications which have reviewed the accuracy of impedance- 

based algorithms, some of which have indicated very good accuracies. However such 

results generally depend on a specific system configuration or types of fault. Several 

impedance-based algorithms have been developed which attempt to provide robustness for 

a variety of fault conditions, but these are offset by a noticeable increase in complexity.

Similarly, on-line travelling wave algorithms have recently been examined by many 

academics and utilities around the world. There have been several publications showing a 

remarkably good accuracy. However, these are predominantly based on simulation results. 

Using the latest signal processing techniques, the available field results seem to conflict 

slightly with these simulations. Moreover, there is no qualitative comparison between the 

observed accuracy of travelling wave and impedance based fault location. Nevertheless, 

there is a general consensus that travelling wave data is best analysed using a method of 

wavelet transformation.

Therefore Chapter 3 will aim to provide a broad comparison of these fault locating options 

for TransGrids 330kV transmission network.
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3.1 Introduction

This chapter aims to present a qualitative and quantitative comparison of the main fault 

location algorithms considered in Chapter 2. The outcome of this analysis was, in part, a 

justification for the development of a travelling wave fault location system on the 

TransGrid 330kV transmission network.

The previous chapter has provided some background into the relative accuracy of the 

available fault location techniques. However, there are no publications which 

comprehensively consider several impedance and travelling wave algorithms under the 

same simulated conditions. Similarly, there is no published field data showing the 

comparable accuracy of each algorithm for the same faults.

Considering these publications, Monte Carlo methods have been used in some situations to 

determine the margins of error in a fault location calculation. Reference [63] also uses a 

similar method based on power flow measurements and the principle that at the fault point 

there is equality of powers in the sequences for a ground fault. Here, the positive sequence 

remote sources were randomly chosen, from which the negative and zero sequence source 

impedances were also obtained.

This chapter initially conducts a sensitivity analysis using a simulated transmission line 

which has been modelled with the aid of the ATP. The outcome of this analysis has then 

been used to select significant parameters which are then incorporated in a Monte Carlo 

analysis of each algorithm, for which each of these significant parameters is defined by a 

probability distribution.

This theoretical analysis considers both reactive and travelling wave techniques, which is 

currently a novel approach. Moreover, actual impedance and travelling wave fault location 

data has been presented to verify these findings.

3.2 Transmission Line and Fault Modelling

Both the sensitivity and Monte Carlo analysis undertaken within this chapter have been 

calculated using the ATP. Consistent with the remainder of this thesis, the base scenario for
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this analysis is the Sydney West to Bayswater 330kV dual circuit line (refer to 

Appendix 4). Each phase is comprised of twin Moose (Olive) ACSR conductors separated 

by 380mm, and the two earthing conductors (SC/AC 7/. 162).

System Voltage: 330kV
Earth Conductors (EW): SC/AC 7/. 162
Phase Conductors (R,W,B): Twin Moose (Olive) ACSR, 380mm spacing
Soil Resistivity: lOOQm
Geometry:

Circuit 1 Circuit 2
Phasing EW,B,R,W EW,W,R,B
Height (m) 34.4,27,19.9,12.5 34.4,27,19.9,12.5
Offset (m) -5.8,-5.8,-5.8,-6.6 5.8, 5.8, 5.8, 6.6

Figure 3-1. The electrical configuration of the Sydney West to Bayswater transmission line

Based on the previous measurements undertaken by TransGrid1, a soil resistivity of lOOQm 

is assumed for all 330kV transmission lines. This parameter can vary greatly between the 

type of structure as well as the ground conditions. For instance, the IEEE guide for the 

protective grounding of power lines [64] provides the following distribution of soil 

resistivity values as tabulated in Table 3-1.

Table 3-1. Example soil resistivity for various soil conditions

Soil Composition Resistivity (Qm)
Wet organic soil 10
Moist Soil 100
Dry Soil 1000
Bedrock 10000

A distributed parameter K.C. Lee model has been developed using the modal 

transformation matrix when simulating the impact of various fault conditions on phasor 

based algorithms. Conversely, a double circuit untransposed J. Marti model has been used 

to consider the travelling wave algorithm. This model is generally very accurate for a wide 

range of frequencies, and is computationally relatively efficient. However, it can be 

inaccurate for very low frequencies. In each case, the double circuit topology shown in 

Figure 3-2 has been implemented in the ATP.

1 Formerly the Electricity Commission of New South Wales
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Source 1
Line 1

Source 2

(0%)
Line 2

Figure 3-2. Simple dual circuit model

Two software applications have been developed to dynamically create each of the ATP 

punch card files, run the transients program and analyse the results. This software was 

written to provide the option of inserting A phase to earth or A phase to B phase faults on 

the same circuit. Similarly, an option was provided for .4 phase to C phase inter-circuit fault 

simulations at any location whilst simulating the voltage and current signals at the busbars 

with one, or both circuits in service.

Within each of these applications, faults were applied sequentially from 5% of the line to 

95% in 5% increments. At each of these positions, the fault location was calculated 50 

times from either the observed phasor or travelling wave signals, therefore giving 18,050 

ATP simulations for each algorithm. This process is also repeated twice to account for 

single and double circuit line configurations. Note that another set of calculations has been 

undertaken in Chapter 4, which considers the impact of inter-circuit faults on the topology 

shown in Figure 3-2.

The algorithms considered in this simulation are listed in Table 3-2. Here, the main 

objective was to select those algorithms which are commonly implemented and that cover a 

variety of different techniques.

Table 3-2. Algorithms considered in the statistical analysis

Algorithm Reference
Basic impedance Section 2.5.1.2
Basic reactance Section 2.5.1.2
Takagi Section 2.5.1.3
Takagi with zero sequence compensation for double circuits (3-1)
Synchronised phasor Section 2.5.2.1
Unsynchronised phasor Section 2.5.2.2
Unsynchronised phasor with compensation for line susceptance Section 2.5.2.3
Synchronised travelling wave fault location Section 2.6.1.4
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Table 3-2 includes the ‘Takagi algorithm with zero sequence compensation’. This is an 

undocumented and novel implementation developed by this author, where a solution is 

obtained by initially assuming no current in the conductors of the parallel circuit. An 

iterative solution is then obtained by recursively using the estimated fault location to 

compensate for the measured zero sequence current in the neighbouring line. Repeating this 

process more than ten times appears to produce a more accurate result.

Assuming an A phase to ground fault at a location m, the iterative algorithm is given by:

As ~ IA (j A IB + At Ko + A)(L/V£2) (^A/0 ^\)m 1)

where Zmo is the zero sequence mutual coupling between the circuits and Io (une2) the zero 

sequence current in the neighbouring line. Is is then the modified line current which can be 

re-applied to (2-112) and (2-113).

3.3 Sensitivity Analysis

Each fault location algorithm is susceptible to errors that are imposed by a variety of 

factors. Many of these were briefly mentioned in Section 2.5.3. Nevertheless, a 

comprehensive sensitivity analysis has been conducted using a 100km ATP model of the 

Sydney West to Bayswater circuit. This dual circuit was modelled with one circuit out of 

service to eliminate any errors introduced by zero sequence coupling.

3.3.1 Impedance Based Algorithms

Now consider the impedance based algorithms when applied to this model. The main 

sources of error in the single-ended fault location at transmission voltages include the fault 

resistance and load angle. The source impedance ratios between each terminal and the 

impedance angle between the source and line contribute further to any error that exists.

Some less dynamic errors are created by the uncertainty in conductor height, conductor sag, 

difficulties in obtaining a true line profile, soil resistivity and the line length. Uncertainty in 

conductor spacing would also introduce small errors in the calculated impedances but this 

is often well known by the relevant utility or power authority.
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Double-ended impedance-based algorithms are less susceptible to the variations in the zero 

sequence impedance. Thus, only an accurate knowledge of the fault resistance, source 

impedances, conductor height and line length becomes a concern.

The diagrams in Appendix 2 show the simulated percentage error in fault location, defined 

by:

error
calculated location - actual location 

actual location
(3-2)

when using the previously defined ATP model. In each case, the dependant parameter has 

been adjusted within nominal bounds to examine sensitivity on the fault location.

For earth faults, the single ended impedance algorithms are mostly susceptible to the fault 

resistance, followed by a combination of the pre-fault load current, conductor height, 

source impedances, soil resistivity and line capacitance. The same algorithms are immune 

to soil resistivity variations for phase faults, and are generally affected by fault resistance to 

a lesser extent.

Multi-ended impedance based algorithms usually incorporate only the positive sequence 

impedances in the calculations. Thus both the soil resistivity and pre-fault load flow 

parameters become insignificant parameters. Again, the impact of fault resistance is 

reduced with the application of phase faults.

Other errors can be introduced from the measuring transducers or other system parameters. 

However, these have not been included in the simulations.

3.3.2 Parameter Sensitivity in the Travelling Wave Algorithm

Contrasting with the single and double ended techniques, the accuracy of travelling wave 

methods is vulnerable to changes in the modal velocity, line length, and the filtering of the 

recorded w'aveforms.

From travelling wave theory, the propagation velocity can be varied with both the magnetic 

permeability of the conducting medium and the dielectric permittivity. Neither the magnetic
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nor the dielectric properties of an aerial conductor will change significantly with external 

atmospheric influences.

However, the line susceptance may vary slightly. The spacing between the conductor 

bundles and phases remains fixed due to the tower phase spacing configurations, although 

the distance between each conductor and the ground can change with variations in the 

conductor temperature. When the temperature increases, there is a corresponding reduction 

in the clearance between the conductor and ground.

To quantify this assertion, reconsider the 330kV circuit between Sydney West and 

Bayswater, which was the base case for the sensitivity analysis shown in Appendix 2.

A good approximation for the length of a conductor is given by:

Length = lc x [1 + lc2 /(24 x c2)] (3-3)

where lc is the span length, or the horizontal distance between adjacent structures. Also, 

c = T(, / wc, where Tc is the conductor tension and wc the conductor weight per unit length.

For the Moose ACSR conductor used on this line, the conductor mass per unit length is 

1.345 lb/ft, which equals 2.002 kg/m. So, wc = 2.002 x 9.81 = 19.64 N/m.

A typical span length for this line is around 380m. This is often designated as the 

equivalent span, which is commonly used to model conductor sags in a series of spans of 

unequal lengths. The theory of equivalent spans requires the conductor horizontal tension to 

be identical through the series of spans. On a real transmission line, this would need infinite 

insulator string lengths and the unrestricted back and forth movement of the conductor at its 

attachment point.

However, things are not so simple for a practical transmission line. Consider 11 individual 

spans, 1x700 and 10x300 metres, strung at 15 degrees and operating at 120 degrees. Using 

equivalent spans theory, the 700 metre span would sag 46.91 metres, while the 300 metre 

spans would each sag 8.62m. Using a continuous catenary software program with an
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insulator string length of 3.0 metres, the sags are actually 41.65 metres in the 700 metre 

span and range between 8.59-10.03 metres in the 300 metre spans [65].

Firstly consider a relatively cool conductor temperature of 5°C. Applying an assumed 

stringing tension of 22.5% of the Minimum Calculated Breaking Load (MCBL) to 

TransGrids continuous catenary calculation program ‘Concaf, the tension T is calculated at 

35.9kN.

Similarly, for a conductor temperature of20°C:

Tc = 33.0 kN
.-. c = Tc / wc = 33000/19.64 = 1684 m

Length = lc x[1 + lc2 /(24xc2)]
Length = 380 [1.00212] m

Also, for a conductor temperature of 50°C:

Tc = 29.54 kN
.-. c = Tc I wc = 2950/19.64 = 1504 m 

Length = lc x[l + lc2 /(24xc2)]
Length = 380 [1.00266] m

So this significant difference in average conductor temperature of 30°C causes an increase 

in the conductor length by a factor of 1.00054. That is, an increase of only 0.054%, which 

should have a minimal effect on the modal propagation velocity on the line.

However, some small variation in modal velocity may be observed as a result of the 

difference between each of the aerial (phase-to-phase) modes. Travelling wave fault 

location systems are usually calibrated from one or two observed modal travel times. These 

are most commonly transients generated by a single pole of a line circuit breaker, as each 

circuit breaker operation usually has one particular pole that closes or opens first [2]. 

Hence, each calibration is based on a transient that contains the same predominant aerial 

mode. Other events or faults may incorporate other modes with slightly varying velocities.
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To complicate matters, transmission line span lengths are usually only known to have a 

tolerance of around 1%. This is because the spans are measured prior to installation and 

tensioning, and since line lengths often include a combination of span and line-of-sight 

distances between the structures.

For example, Figure 3-3 shows how the static span length of Moose ACSR conductor can 

increase when tensioned.

0.7 T-

0.6 -

Span Length (m)

Figure 3-3. Percentage increase in conductor length over span length at 20°C 

(Moose ACSR Conductor) [2]

Nevertheless, these errors can be ignored when the modal velocity is calibrated for an 

assumed line length. However, this still leaves some uncertainty associated with the 

variation in modal velocity.

3.4 Probabilistic Fault Location Analysis

Having identified some of the main parameters that affect the accuracy of the algorithms, 

each has been assigned a probability distribution in order to conduct a Monte Carlo 

analysis.

Only the fault resistance, pre-fault load and the line source impedance variations are 

considered in this study due to the lack of data concerning the variation in soil resistivity, 

tower footing resistances, and the variations in conductor height, etc. Moreover, such
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parameters are usually relatively static and can be determined accurately from calibration or 

compensated for as a result of post-fault investigations.

3.4.1 Fault Statistics

Extra high voltage networks are nearly always operated as directly grounded systems. 

Consequently, the most common fault in these systems is the single phase to ground fault 

[66]. This characteristic is represented in the fault data from 1995 to 1998, listed in Table 

3-3, which was published for a 330kV system in [158],

Table 3-3. Fault statistics [158]

Total Number of Faults Each Year 1995 1996 1997 1998
75 74 76 76

Short circuit Ph-E 63 69 66 61
of
which

Short circuit Ph-Ph 10 5 7 12
Short circuit Ph-Ph-E 1 0 3 1
3-pole short circuit 2 0 0 0
On line 58 65 57 68

Number of faults per 100km and year 1.167 1.307 1.125 1.350

Similarly, TransGrids outage statistics from 1992 to 1996 indicate that out of the 0.82 trips 

per 100km per annum, 53% were phase to earth faults. The remaining trips constituted 

double phase to earth (13%), three phase (3%), and phase to phase (2%). Also, 29% of the 

trips occurred due to influences other than a high voltage fault.

Given the similarity in these values, Table 3-4 shows the probabilities which have been 

assumed for each of the main fault categories.

Table 3-4. Assumed fault type probabilities

Fault Relative Probability (%)
Phase to Earth 75%
Two Phase to Earth 18%
Phase to Phase 3%
Three Phase 4%

3.4.2 Line Loading

Figure 3-4 shows the load duration curve for the Sydney West to Bayswater 330kV circuit 

over the period between the 1st January 2002 and the 1st January 2003. This curve has been 

used to configure the feeder loading prior to simulated fault within the ATP model.
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Figure 3-4. Load duration on the Sydney West to Bayswater 330kV circuit

3.4.3 Fault Resistance

Statistical data on fault impedance is more difficult to obtain. However, reference [158] 

provides an observed fault impedance distribution based on the analysis of 100 fault 

incidents on a 330kV transmission system. Subsequently, this distribution has been used for 

the earth fault impedance in the following Monte Carlo simulations. As shown in Figure 

3-5, a similar distribution has been created for phase faults based on a simple linear 

resistive model between the two phases.

Phase to Earth Resistance 
Phase to Phase Resistance

2 40 1.1 «

- 1.0

0.9 £

100%

Probability

Figure 3-5. Distribution of fault resistance
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3.4.4 Source Impedance

The variations in line source impedances can also affect the accuracy of some algorithms. 

For this reason, the statistical simulations incorporate randomly selected source impedances 

from some of TransGrid’s 330kV lines. Further details of these source impedance values 

are provided in Appendix 2.

There is also a 50% probability assigned to the location of the higher impedance source for 

each iteration within the simulation.

3.5 Results and Discussion

The results of each simulation are then averaged to produce a three-dimensional error 

distribution. Rather than dealing with percentage error, the third (vertical) dimension shows 

the actual error in kilometres for a range of different line lengths and fault locations. This is 

given by:

error = calculated location - actual location | (3-4)

The relevant three-dimensional error distributions are shown in the following Sections 3.5.1 

to 3.5.8. Each of these figures has been developed by applying the relevant algorithm at one 

line terminal only. This approach has been taken to compare both the single ended and 

double ended algorithms from the same measurement location.

3.5.1 The Distance Algorithm Based on Impedance Calculations

As shown in Figure 3-6, the simple impedance-based distance algorithm is relatively 

inaccurate when applied to single circuit lines of any length. However, the errors do 

generally decrease slightly as the line length increases since the larger line impedance 

overcomes the impact of any fault resistance.

Fortunately, these errors do not pose a significant concern for distance-based transmission 

line protection schemes, as these generally include directional earth fault blocking to assist 

with identifying earth faults.
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Figure 3-6. The impedance algorithm applied to a single circuit

A similar observation can be made for faults which are applied to double circuit lines, as 

shown in Figure 3-7. This scenario introduces some additional zero sequence coupling into 

the faulted circuit. However, the error distribution is mostly affected by the simulated fault 

resistance.

80km —

60km

150 200
LineLength(km)

200

150 ~ '

f 100

Line length (km)Fault Position(%)

Figure 3-7. The impedance algorithm applied to a double circuit line 

3.5.2 The Distance Algorithm Based on Reactance Calculations

The accuracy is greatly improved when using the observed fault reactance and line 

inductance in the distance calculations. However, as shown in Figure 3-8, the observed 

error in terms of the physical distance from the true location is again considerably large.
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Figure 3-8. The reactance algorithm applied to a single circuit

A similar distribution is shown in Figure 3-9, which shows the statistical error distribution 

for faults which are applied to the double circuit line topology shown in Figure 3-2.
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Figure 3-9. The reactance algorithm applied to a double circuit line 

3.5.3 The Takagi Algorithm

The Takagi algorithm was developed specifically to minimise the effects of the fault 

resistance and the pre-fault load on the distance to fault calculation. As shown in Figure 

3-10, this algorithm reduces the average error further due to the inherent compensation for 

these parameters.
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The results indicate that this approach is moderately accurate for circuits less than 100km in 

length. However, longer lines appear to suffer from the effects of the distributed line 

susceptance.

Line Length (km)Line length (km)Fault Position (%)

Figure 3-10. The Takagi algorithm applied to a single circuit

Figure 3-11 also shows the results of this simulation when applied to the double circuit 

scenario.

150 200
LineLength(km)Fault Position (%) Line length (km)

Figure 3-11. The Takagi algorithm applied to a double circuit line
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3.5.4 The Takagi Algorithm with Mutual Coupling Compensation

The simple iterative version of the Takagi algorithm for implementation on long lines has 

been described in Section 3.2 of this thesis. As shown in Figure 3-12, this technique gives 

marginally better results than the original algorithm (Figure 3-11) when applied to a double 

circuit line.

The main benefit of this iterative algorithm is evident when comparing Figures 3-11 and 

3-12 for lines in excess of 200km. This is especially noticeable when the simulated fault is 

applied near the remote end of the circuit.

150 200
Line Length (km)Fault Position(%) Line iergth(km)

Figure 3-12. The modified Takagi algorithm applied to a double circuit line

3.5.5 The Synchronised Phasor Algorithm

Assuming that the transducer error is minimal, the use of synchronised phasors for fault 

location can give very accurate results on short lines. This is shown in Figure 3-13, where 

the simulated error distribution has been calculated based on the synchronised phasor 

algorithm applied to a single circuit line. Nevertheless, the detrimental effects of line 

susceptance can be observed for the circuits greater than 200km in length.
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Figure 3-13. The synchronised phasor algorithm applied to a single circuit

It is also interesting to note that the double circuit distribution, shown in Figure 3-14, is 

notably asymmetrical despite the inherent symmetry of this algorithm. This can be 

attributed to the effects of zero sequence coupling on the positive sequence phasors.
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Figure 3-14. The synchronised phasor algorithm applied to a double circuit line 

3.5.6 The Unsynchronised Phasor Algorithm

Figure 3-15 illustrates the error distribution obtained with the application of a Newton 

Raphson solution to synchronize the recorded voltage and current phasors. This technique 

appears to have a reduced accuracy on long circuits when compared to the previous 

synchronised case shown in Figure 3-13.
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0 0
Fault Position (%) Linelength(km)
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Figure 3-15. The unsynchronised phasor algorithm applied to a single circuit

A similar observation is made when this algorithm is applied to the double circuit 

configuration, shown in Figure 3-16.

0 0
Fault Position(%) Line length (km)

500m

150 200
Line Length (km)

Figure 3-16. The unsynchronised phasor algorithm applied to a double circuit line

3.5.7 The Unsynchronised Phasor Algorithm with Long Line Compensation

As indicated from Figures 3-8 to 3-16, the most significant parameter on long lines is the 

distributed line susceptance. This can be overcome by employing the simple compensation 

technique described in Section 2.5.2.3.

Figure 3-17 illustrates the increase in accuracy that can be achieved on these lengthy 

circuits when applying this technique to the unsynchronised algorithm. With reference to
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Figure 3-15, the most significant gains have been made to for faults located near the line 

terminals on the longer lines.

Figure 3-17. The unsynchronised algorithm with compensation for line capacitance when applied to
a single circuit

Similar gains can also be observed with dual circuit lines, as shown in Figure 3-18. 

However the load current appears to have introduced some asymmetry in the error 

distribution.
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Figure 3-18. The unsynchronised algorithm with compensation for line capacitance when applied to
a double circuit line
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3.5.8 The Type D Travelling Wave Algorithm

As described in Section 3.2, the previous impedance algorithms were applied to a K.C.Lee 

model of the Sydney West to Bayswater 330kV transmission line. An identical calculation 

was performed on an untransposed distributed parameter J. Marti model to consider the 

accuracy of the travelling wave algorithm.

In these simulations, the arrival time of the travelling wave transient at each busbar was 

determined from simulations conducted using this model. As expected, this produced an 

error distribution which is reasonably consistent for all line lengths and fault locations.

200m, 150m

200m150m

150 200
Line Length (km)

0.5 -»-•

■p 0.3

0-2
0.1

Fault Posltion(%) Line length (km)

Figure 3-19. Calibrated travelling wave algorithm

The simulated synchronised sampling at each busbar results in an error distribution that is 

not smooth in nature. Moreover, the maximum error appears to be around 150m, which is 

remarkably similar to several published figures presented in Section 2.6.2.1 of this thesis. 

This assists to verify that most of the published data is based solely on the sampling rate 

and modal propagation velocity of the simulated case studies.

Consider a small calibration error of 2.5% in either the modal velocity or the length of the 

line. Here, the errors shown in Figure 3-20 increase as the fault moves further from the 

centre of the circuit since the fault location is a function of the time difference between the 

travelling surge wavefronts. For similar reasons, the error also increases and as the line 

length increases.
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Figure 3-20. 2.5% error in the line length or modal velocity

3.6 Selection of Fault Location Technique

Accurate and robust fault location techniques are an important requirement for transmission 

systems. So far, this chapter has considered the simulated accuracy of several algorithms 

which were described in Chapter 2. Many of these are commonly used in dedicated fault 

location systems or as auxiliary functions in protection relays.

From this theoretical analysis, it appears that each algorithm is susceptible to specific forms 

of uncertainty. For instance, fault resistance and pre-fault load are generally the most 

critical to impedance-based methods. However accuracy in the calibration and waveform 

synchronisation are the most significant parameters when considering travelling wave 

methods.

The analysis conducted to this point indicates that the single-ended and double-ended 

impedance-based algorithms can have comparable accuracy to travelling wave techniques 

when applied to short lines. Nevertheless, the variance in the observed error is greater for 

the impedance algorithms, while the double-ended travelling wave technique is less 

susceptible to dynamic variations in the significant sources of uncertainty.

Despite this advantage, the application of travelling wave methods appears to be restricted 

to lines in excess of 5km, or more, in length. This limitation is generally imposed by the 

sampling rate of the recording hardware, the impact of trigger delay, and the installation 

costs.
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The synchronised phasor and travelling wave algorithms were both carefully considered for 

implementation on TransGrid’s 330kV network. Theoretically, the synchronised phasor 

impedance-based algorithm should be the easiest to implement on a large scale as many 

modern distance protection relays can incorporate this feature. However, for a viable 

distributed system this would require a vast number of protection relays from the same 

manufacturer and a large number of compatible communication channels.

TransGrid’s protection policy clearly states that a diversity of manufacturers is required to 

prevent any type faults affecting both protection schemes under certain conditions. For this 

reason, a travelling wave system was installed on this network in 1999. The main advantage 

was that it was a standalone system with simple modem communications.

3.7 The Travelling Wave Fault Location System

Only a few commercial travelling wave systems were available during this analysis. The 

predominant systems that could be applied to long transmission circuits were:

• The Hathaway (Qualitrol) Telefault TWS [68]

• The Fujikura Faulsat system [69]

• NKE Fault Location system [70]

The Faulsat system has been in production for several years and is specifically designed for 

HV underground cables. There are no publications which independently review the 

accuracy of this system.

Conversely, the NKE system has been developed for installation on overhead conductors. It 

boasts very accurate results since monitoring transducers are installed approximately every 

ten kilometres on each phase. However, the large number of recording devices, which 

include CDMA mobile communications, make the system very costly for a large 

transmission network. An improved accuracy at this cost is very hard to justify in any 

deregulated environment.
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This leaves the Hathaway Telefault TWS system, which requires a single monitoring 

device at each substation. Each of these devices can, in turn, monitor six circuits via an 

internal or external GPS clock. Consequently, the Hathaway system was selected by 

TransGrid as this philosophy proves to be more cost effective on an interconnected 

transmission network.

Figure 3-21. The Hathaway (TWS) monitoring station

The Hathaway travelling wave recorders use inductive couplers to connect to the secondary 

circuits of the line protection current transformers. According to the manufacturer, these 

coupling transformers have a suitable frequency response for the available sampling rate of 

the hardware, which can be set to a maximum of 1.25MHz. As shown in Figure 3-22, these 

inductive couplers monitor the summated secondary circuits in the protection panel. This 

technique is also applicable in situations where a double breaker or breaker-and-a-half 

busbar configurations are used.
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Traveling Wave 
Recorder
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Figure 3-22. Installation of the Hathaway (TWS) monitoring station

After installing the individual travelling wave recorders, some software was developed to 

link the observed data with a central database. This work has since proven to be invaluable 

in terms of fast access and storage of the travelling wave data used in the preparation of this 

thesis.

INTERFACETWS 1 TWS 2

ETHERNET
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POLLING
SOFTWARE

DATA
VIEWING
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Figure 3-23. The distributed travelling wave fault location system

Four recorders were initially installed on the TransGrid network in 1999 in order to trial the 

technology. Since then, several fault investigations have demonstrated the accuracy of this
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technique. Subsequently, several additional units have been installed or proposed for the 

network (refer to Appendix 4).

3.8 Comparison with Experimental Data

Table 3-5 provides a simple qualitative comparison of the most popular algorithms 

considered to this point. As shown below, there is a trade-off between the accuracy, 

complexity and potential robustness of these algorithms. From this comparison alone, it is 

clear that the travelling wave and synchronised phasor methods provide a significant 

improvement over the simple impedance algorithms included with most protection relays. 

Nevertheless, this potential improvement must justify the additional cost and complexity 

associated with these systems.

Table 3-5. Issues associated with algorithm selection

Algorithm Hardware Requirements Complexity Accuracy

Takagi (Protection Relay or
Fault Recorder)

Simple Algorithm Low - High

Synchronised
Phasors

GPS clock,
(Protection Relay or Fault Recorder), 
Communications Channel

Complex Hardware, 
Moderately complex 
algorithm

High

Unsynchronised
Phasors

(Protection Relay or
Fault Recorder),
Communications Channel

Simple Hardware. 
Complex location 
algorithm

Moderate to High

Travelling Wave GPS clock,
Travelling Wave Recorder, 
Communications Channel

Highly complex 
hardware. Simple 
location algorithm

High

Consider again the base scenario, which is the 330kV transmission line from Sydney West 

at Bayswater. Table 3-6 lists each of the faults recorded on this circuit where a fault 

location is precisely known from subsequent line inspections.

For each of these, the simple distance and Takagi algorithms were used to compute the 

estimated fault position from the phasor measurements recorded by distance relays or the 

digital fault recorders (DFR). These same protection relays and fault recorders usually 

incorporate distance to fault algorithms. Hence the DFR column in the table gives the 

locations provided by these devices, where available.

Similarly, the travelling wave data was also used to determine the fault location based on 

the CWT|21 technique proposed in Chapter 7, with a wavelet scale of 45. This data assists to
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verify the strengths of the travelling wave technique over the more common 

impedance-based algorithms.

Table 3-6. Accuracy of several algorithms for faults on the Sydney West to Bayswater 330kV circuit
where the fault location is known

Fault Description
Distance From Sydney West on Line 32 (km)

Synchronised 
Travelling Wave

Unsynchronised 
Travelling Wave Takagi DFR’s Actual

Location
29/10/2001 (W-E) 21.7 22.4 21.6 - -

25/12/2001 (R-W) 50.6 51.8 - - 49.2
02/01/2002 (B-E) 61.2 63.6 65.7 47.5 -

05/01/2002 (B-E) 96.2 96.5 87.7 86.0 -

05/01/2002 (B-E) 96.2 96.5 87.3 83.7 -

03/12/2003 (Lightning) 46.3 46.3 48.6 - 46.4
13/08/2004 (R-E) 186.7 188.7 227.3 247.0 188.5
13/08/2004 (R-E) 190.8 186.2 194.4 177.4 188.5
13/08/2004 (R-W) 187.4 189.1 183.7 199.2 188.5

At the time of this publication, there were only a few digital fault recorders on TransGrid’s 

high voltage network. Hence, there were no lines where faulted phasors were available at 

both ends of the circuit. For this reason, this table does not consider any double-ended 

impedance-based algorithms.

3.9 Conclusion

Accurate and robust fault location techniques are an important requirement for transmission 

systems. This chapter has described several varied fault location algorithms that are 

commonly used in commercial fault location systems.

A novel simulation approach has been undertaken to compare the impedance-based and 

travelling wave algorithms under the same simulated conditions. This has demonstrated the 

strengths of the double ended techniques in terms of the accuracy and observed variance in 

the location estimation.

In general, the travelling wave technique is the best performer followed closely by the 

synchronised phasor algorithm. However, it appears that the unsynchronised phasor 

techniques are also quite good for application on most circuits.

The accuracy of both the impedance and travelling wave techniques are often 

unintentionally constrained, where the impedance algorithms are inhibited by several
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unknown parameters including the fault resistance, mutual coupling and the transducer 

errors.

Several faults have been analysed since the development of the TransGrid travelling wave 

fault location system in 1999. From these it has subsequently become clear that the 

transducers used to couple the high frequency travelling waves to the recorders impose 

significant filtering delays on the observed signal. Chapter 5 specifically addresses the 

sources of this error. Flowever, Chapter 4 first considers the impact of an unlikely fault 

scenario on these fault location algorithms and illustrates the implications for distance 

protection schemes.
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4.1 Introduction

The previous chapter identified some of the limitations associated with impedance-based 

fault location calculations. During common fault conditions, the accuracy of these 

algorithms is primarily affected by fault resistance, pre-fault load and zero sequence 

coupling between neighbouring circuits.

Nevertheless, more complex faults are possible on multiple circuit lines due to the 

conductor geometry employed for many of these circuits. Of these, multi-circuit faults can 

create significant difficulties for impedance-based fault location algorithms due to the large 

under-reach and the zero sequence currents present within the circuits themselves. These 

currents do not extend beyond the busbars, and consequently the terminal zero sequence 

source impedances have little impact. Moreover, these faults have a significantly high 

probability of occurrence from bushfire activity, conductor galloping or broken conductors 

on a particular circuit.

Section 2.5.3.14 of this thesis has previously alluded to the impact of unearthed inter-circuit 

faults. However the significance of these faults was only identified following an event that 

occurred at 16:28 EST on the 4th of December 2002, approximately 1.7km west of Sydney 

South 330kV Substation [12].

Hence, this chapter will digress slightly to consider the impact of these inter-circuit faults 

on the fault location algorithms considered in Chapter 3. Subsequent simulation results 

indicate that these faults have a detrimental affect on distance-based algorithms, which are 

similar to those used in distance protection schemes. As a result, this event near Sydney 

South substation has also highlighted a serious limitation associated with transmission line 

distance protection schemes, when applied to multiple circuit lines.

4.1.1 Background

On the 4th December 2002, a large number of severe bushfires were burning out of control 

in NSW. Of these, the fires to the north of Sydney around Cattai, and to the south of 

Sydney around the Holsworthy army barracks were mainly affecting the 330kV 

transmission system. The weather conditions on this day were extremely dry and hot with
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strong winds experienced across most of the state. The maximum Sydney temperature 

recorded on that day was 36.7°C.

Unfortunately, bushfires that are in close proximity to EHV transmission lines can cause 

the lines to flash over. The smoke from the fires carried particles of carbon which, 

combined with the heat of the fire, alter the dielectric or insulating properties of the air 

between the conductors.

Throughout the day of December 4, between the hours of 14:25 and 23:30 there were 

sixty-one 500kV and 330kV transmission line trips in NSW. The majority of these occurred 

between 14:25 and 17:30 hours. However the most significant of these occurred at 16:28 

hours when all five 330kV lines into the Sydney South substation tripped within a short 

period of time. During this event, the majority of the Sydney load was supported via the 

Sydney North 330kV substation, shown in Figure 4-1, and the 132kV subsystem which 

stretches across the city. Throughout this time, the Sydney North 330/132kV transformers 

were operated significantly above their rating for a period of approximately 18 minutes.

a v ^
O MtColah 

Sydney North vSydney South \
2 (Liverpool)

Mt Druq I3 (Kemps Creek)

76 (Wallerawang) 
78 (Inglebum) 1 (Dapto)

Figure 4-1. Sydney South Substation and its 330kV feeders (Refer to Appendix 3)

The isolation of the Sydney South 330kV busbar took some time to occur. This process 

began with the trip of line 78 (Inglebum) at 15:21 due to the fires in the Holsworthy region. 

Similarly, line 13 (Kemps Creek) tripped at 16:22. This left only three circuits supplying 

the Sydney South load. These were lines 11 (Dapto), 76 (Wallerawang), and 12
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(Liverpool). At 16:28, an unearthed inter-circuit fault developed between lines 76 and 12, 

approximately 1.7km from Sydney South Substation.

The actual inter-circuit fault occurred between the lowest conductors from each circuit, 

which faulted the A phase on 76 line and the C phase on 12 line. The fault was remotely 

cleared with the 400ms zone 2 timers by the permissive under-reach distance schemes at 

Liverpool, Dapto and Wallerawang. Flowever, none of the distance protection relays at 

Sydney South appear to have observed impedances that were less than the zone 1 distance 

reach, as should have occurred.

Consequently, the 330kV Sydney South busbar was isolated from the main grid. The higher 

than normal 330kV source impedance also resulted in a sustained over voltage on the 

330kV cable to Beaconsfield West. Subsequently, the 330/132kV transformers at 

Beaconsfield West also tripped.

Figure 4-2 shows a photograph that was taken from the Sydney South substation 

switchyard just prior to the inter-circuit fault. The bushfire that will soon trip the 330kV 

circuits can be seen traversing the hills to the west of the switchyard. There is continuing 

disagreement over the source of the white ‘flash’ shown near the steel lattice tower. 

However it is not considered to be a fault on the network.

Several investigations were undertaken in response to this event. Fault recorder traces 

confirmed, where available, that the event took more than 500ms to clear as some distance 

relays had determined that the fault impedance was greater than the zone 1 reach.

To understand the cause of this event, a similar inter-circuit fault has been modelled using 

the ATP to re-produce the expected current and voltage conditions that existed during the 

fault. The calculated vectors shown in Table 4-1 indicate that the line 12 protection at 

Sydney South would not have seen the fault in zone 1. However the 76 line C-A phase 

distance elements should have seen an impedance within the zone 1 reach, even though the 

observed impedance was almost twice the usual impedance to the fault.
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Figure 4-2. The bushfire traversing the mountains (as seen from Sydney South substation) 
moments before the phase-to-phase inter-circuit fault occurred

Table 4-1. Impedances observed from Sydney South on lines 76 (Wallerawang) and 12 (Dapto)

Line 76 (Wallerawang) Line 12 (Dapto)
z, 43.8Q Z84.2° 5.77Q Z84.40

Line Impedance (Q): Z0 144Q Z76.10 15.8Q Z76.7°
Zone 1 Reach 29.OQ Z84° 4.29Q Z84°

Simulated Impedance Phase Element 1.08Q Z84.5° 22.8Q Z81.7°
to the Fault (Q): Earth Element 9.1 IQ Z0.1° 4.99Q Z0.1°

Consequently, this data clearly shows that line 76 should have tripped instantaneously in 

zone 1, thus clearing the fault. However, on closer inspection at the substation, a phase 

blocking relay had been installed to prevent phase fault elements operating for close-up 

earth faults. This relay was designed to pick up with residual current at a time when single 

pole tripping was to be installed on line 76.
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4.2 Inter-Circuit Faults

Table 4-1 also highlights another interesting observation. The calculated impedances 

observed by the distance relays are far greater than expected given the actual distance to the 

fault. However, it is possible that some of the alternative fault location techniques can 

provide a more robust and accurate result under these conditions.

As noted in Chapter 3, it is particularly difficult to apply fault location algorithms to double 

circuit lines. These difficulties arise from the unknown fault resistance, the pre-fault load 

current, mutual coupling and the wide variety of faults that can occur.

The conductor geometry adopted in double circuit lines makes them particularly prone to 

multi-circuit faults, of which the earthed cross-country fault is the most common. 

Nevertheless, unearthed inter-circuit faults similar to that observed at Sydney South in 2002 

create unusual problems for fault location due to the under-reach and the zero sequence 

currents present in the circuits themselves. These currents do not extend beyond the 

busbars, and consequently the terminal zero sequence source impedances have little impact 

[71]. The under-reach is created by the apparent transition between a double-phase-to-earth 

to a single-phase fault as the fault location is varied along the circuits.

To consider the impact of these faults on the accuracy of fault locating algorithms, an A 

phase to C phase inter-circuit fault was applied between the lower two phases of the ATP 

model developed in Chapter 3. Figure 4-3 shows the relevant conductor geometry for this 

simulation, which is then applied to the previous statistical study. The following pages of 

this thesis describe the results obtained from this statistical comparison.

0 A • C

• B 0 B

0 C 0 A

Earth
/ / / / /-?"/ / / /-/- /■

Figure 4-3. Phase configuration for the inter-circuit fault simulation
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4.2.1 Impedance-Based Distance Algorithm

In the case of the simple distance algorithm, the under-reach associated with these faults 

increases error in the distance to fault calculation. As shown in Figure 4-4, this technique 

gives a poor result, especially for faults occurring near the midpoint of long circuits.

100 T

P 60

0 0
Fault Position (%) Line length (km)

30km20km

’<q 50 -

150 200
UneLength(km)

Figure 4-4. Error distribution for the basic distance algorithm applied to an inter-circuit fault

4.2.2 Distance Algorithm based on Observed Reactance

Using the reactive component of the fault and line impedance produces a more interesting 

result. Based on the statistical simulation presented in Chapter 3, it is clear that the error is 

reduced for faults that are close to the relay on long lines, or far from the relay on shorter 

ones. The error distribution associated with this distance algorithm is shown in Figure 4-5.

Figure 4-5. Error distribution for the reactive distance algorithm when applied to an inter-circuit fault
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4.2.3 The Takagi Algorithm

As shown in Figure 4-6, the accuracy of the Takagi algorithm appears to produce a similar 

error distribution to the previous impedance-based distance calculations. However the 

relative error is approximately 30% lower due to the inherent compensation for fault 

resistance and load current. Again, this approach appears most accurate on shorter lines.

Figure 4-6. Error distribution for the Takagi algorithm when applied to an inter-circuit fault

4.2.4 Takagi Algorithm with Mutual Coupling Compensation

Section 3.2 of this thesis presented a new iterative approach to the Takagi algorithm. 

Applying this iterative technique appears to reduce the observed relative error, especially 

for faults located at approximately 80% of the line length. However, the potential error still 

remains considerable over most of the circuit.

12km

150 200
Une Length (km)Line length (km)Fault Position (%)

Figure 4-7. Error distribution for the modified Takagi algorithm when applied to an inter-circuit fault
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4.2.5 Synchronised Phasors

The simulated inter-circuit fault also affects the overall accuracy of the double ended 

impedance-based algorithms. Figure 4-8, shows the average results obtained from the 

synchronised impedance algorithm when using positive sequence phasor values.

The analysis presented in Section 3.5.5 demonstrated that this algorithm has a very good 

response under most normal conditions. Similarly, the calculated fault location for an 

unearthed inter-circuit fault is also relatively accurate for circuits shorter than 200km. 

However, the accuracy appears to dramatically degrade as the line length increases, and as 

the fault moves away from the centre of the circuit.

0 0
Fault Position (%) Line length (km)

600m

400m

600m200m

400m

600m

150 200
Line Length (km)

Figure 4-8. Error distribution for the synchronised algorithm when applied to an inter-circuit fault

4.2.6 Unsynchronised Phasors

The unsynchronised algorithm also gives a similar response to the synchronised approach, 

when applied to an inter-circuit fault. However, Figure 4-9 is notably different to the error 

distribution shown in Section 3.5.6. Here is appears that the largest errors are obtained 

when the inter-circuit fault is located near the centre of the circuit. However, for most other 

phase or earth faults the maximum error is observed for faults located near the line 

terminals.
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Figure 4-9. Error distribution for the unsynchronised algorithm, applied to an inter-circuit fault

Section 2.5.2.3 described a simple method of compensation for line susceptance. Applying 

this technique further reduces the potential error on long circuits, as shown in Figure 4-10.

Fault Position (%) Une length (km)

1,5km

/ / /

150 200
Line Length (km)

Figure 4-10. The compensated unsynchronised algorithm when applied to an inter-circuit fault 

4.2.7 Travelling Wave Fault Location

The best performing algorithm, when applied to a simulated inter-circuit fault, remains the 

travelling wave algorithm. This is expected as the mathematical foundations presented in 

Chapter 2 illustrated that travelling wave algorithms should not be adversely affected by 

unusual faults. In fact, the simulated response shown in Figure 4-11 is identical to that 

shown in Chapter 3.
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200m

200m" 150m

150 200
Line Length (km)
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•£■0.3

0.2
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Fault Positron (5b) Line length (km)

Figure 4-11. The travelling wave algorithm when applied to an inter-circuit fault

4.3 Distance Protection and Inter-circuit Faults

Chapter 3 identified both the synchronised travelling wave and impedance algorithms as the 

best performers in a statistical comparison. The continuation of the probabilistic study in 

this chapter demonstrates the robustness of the travelling wave algorithm under various 

fault conditions. It also leads to an important question since transmission line distance 

protection schemes use similar principles to the simple impedance fault location algorithms. 

Would distance protection reliably operate for an inter-circuit fault located near the centre 

of the circuit?

This question is particularly significant for critical circuits such as network inter

connectors, which often have stringent critical clearance times imposed by transient 

stability limitations. For instance, Section S5.18 of the National Electricity Rules [72] states 

that:

“When planning a network, a Network Service Provider must consider non-credible 

contingency events such as busbar faults which result in tripping of several circuits, 

uncleared faults, double circuit faults and multiple contingencies which could potentially 

endanger the stability of the power system....”
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Inter-circuit faults and close-in earth faults are known to result in a loss of phase selectivity 

for single-pole tripping schemes due to an introduction of zero sequence currents [59, 73]. 

This can be a serious problem on important circuits where system stability is a concern.

Most EHV transmission lines are protected using distance relays which measure the 

impedance of the fault and compare this to the known impedance of the line. This simple 

fault location technique was considered in Chapter 3.

The distance protection of dual circuit lines presents various difficulties. As with most 

impedance-based fault locating algorithms, these difficulties also arise from the pre-fault 

load together with any fault impedance can modify the real coverage of a distance element 

due to the conversion of the fault resistance into an observed reactance [59]. However, on 

dual circuit lines these effects are generally not as severe as those presented by mutual 

coupling.

The errors created by mutual coupling are greatly affected by the topology of the line and 

values of the zero sequence source impedances present at each terminal. This can produce 

severe under-reaching and over-reaching errors for distance relays. In some cases, these 

relays may see less than 50% or far more than 100% of the line impedance for a fault at the 

remote busbar, depending on the infeed and coupling conditions [38].

Due to the nature of the zero sequence coupling that exists between the circuits, the status 

of a parallel line can produce the most noticeable effect. Distance protection elements will 

over-reach when both lines are in service and under-reach if one line is out of service and 

earthed at either end for maintenance [38].

The definition of “immunity distance” has been provided in [59] as the ratio of the terminal 

zero sequence source impedances. This describes the location at which the coupling 

contributions from each terminal cancel during an earth or an unearthed inter-circuit fault. 

At this location the calculated fault location will not change for any under-reach or over

reach conditions.
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Several solutions are employed to compensate for these impedance errors. Firstly, the zone 

1 and zone 2 impedance reaches are often respectively reduced and increased in accordance 

with a set of system studies. This guarantees the correct operation of the relay under all 

system operation conditions. An alternative approach is to adjust the residual compensation 

value such that either the under-reaching or over-reaching errors are minimized, while 

experiencing greater over-reach or under-reach respectively [59].

Adaptive zone reaches have also been applied in many references, including [5]. These 

often incorporate neural networks which change a set of basic parameters when the network 

alters. Such systems are usually very complex and are not common in many high voltage 

transmission systems.

An alternative to the above techniques is to adopt new protection philosophies to overcome 

existing sources of error in protection relaying. The consequences of inter-circuit faults are 

often not considered in conventional design philosophies and the failure to observe these 

faults can have serious consequences. For this reason, the remainder of this chapter 

considers inter-circuit faults with the aim of deriving a more robust impedance-based 

protection methodology.

4.3.1 Fault Detection

To measure the distance to all faults involving more than one phase, a simple distance relay 

compares the voltage between the two faulted phases with the difference between the phase 

currents. This gives a measure of the positive sequence line impedance between the relay 

and any phase faults, as given by (2-102) to (2-109).

As indicated by the independent use of these phase and earth fault loop impedance 

calculations, it is necessary to implement a number of relay elements to correctly measure 

the fault location. Most modern relays use at least 18 of these elements, which comprise an 

earth and phase element for each of three zones, on each phase.

Other simpler techniques exist, such as the use of a polyphase distance element. 

Nevertheless, these can have serious deficiencies under certain system conditions.
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4.3.2 Relay Impedance Characteristics

Over the years many different relay impedance characteristics have been proposed by 

universities and utilities around the world. Some of the most commonly utilised impedance 

‘shapes’ include the mho, offset mho, quadrilateral, peanut and lens. Selection of these 

characteristics often depends on the required sensitivity to load, resistance and source 

impedance. Most manufacturers offer a choice of quadrilateral or mho characteristics, 

although others are still available for situations where high load currents are experienced.

Generally mho characteristics provide very reliable and adequate responses when used in 

most protection applications. Flowever, quadrilateral characteristics can provide increased 

resistive reach in situations where load currents will not constrain the characteristic.

These benefits are limited as the resistive reach must be restricted to approximately 3.5 

times the reactance value for zones set to 80% of the line impedance. Thus quadrilaterals 

are mostly employed for the earth elements on short lines without earth wires, non- 

effectively earthed systems and feeders with high footing resistance. Conversely, phase 

elements should incorporate a mho characteristic as fault asymmetry can further increase an 

angular displacement between a relay and the fault current.

4.3.3 Protective Zones of Operation

The three-zone mho relay has been developed to allow adequate discrimination when 

protecting transmission lines with distance protection. As indicated in Figure 4-12, each 

element is used in conjunction with timers to divide the system into different zones with 

different tripping times.

Here, the first zone is set to trip instantaneously and extends from the relaying point to an 

impedance of no more than 80% of the line positive sequence impedance. This allows for 

transducer, relay and line parameter errors.

Zone 2 is graded to provide remote backup protection for the adjacent zone 1 regions in the 

power system. Hence a reach of more than 120% of the line positive sequence impedance is 

usually applied with a timer setting close to 0.4 seconds for transmission circuits.
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The third zone is configured for remote backup protection of equipment further embedded 

in the system and is commonly configured with a trip time of 3 seconds.

Reactive Line Impedance

Time to Trip
Zone 3

Zone 2 

Zone 1

Outside Zone 
3, the relay 
will not trip

> Distance
(Impedance)

Figure 4-12. Protection zone grading of mho distance elements

4.4 Distance Protection Schemes

To accelerate the tripping time of any particular circuit, these individual relays are usually 

configured as part of a larger scheme incorporating communication paths between the 

relaying locations. These signalling schemes are required to ensure that all circuit breakers 

trip instantaneously for a fault on the line. If such zone acceleration were not implemented, 

it would normally take around 27 cycles to fully isolate a fault on the 330kV transmission 

network.

Some of the more common types of distance schemes include permissive under-reach, 

permissive over-reach and blocking schemes. In situations where these are not appropriate 

unit protection, such as current differential schemes, are often employed.
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4.4.1 Permissive Under-reach

Generally, the permissive under-reaching scheme will trip a line instantaneously if the fault 

is observed:

• By both ends in Zone 1

• By one end in Zone 1 and the other end in Zone 2

Where both of the relays on a line see a zone 2 impedance, the respective zone 2 timer will 

typically delay the breaker operation by 400ms. Consequently, to adequately protect the 

line and maintain stability clearance requirements, all faults must be observed by at least 

one relay within the zone 1 impedance characteristic.

Zone 3 *-
Zone 2

Zone 1 •*-

Zone 3

Zone 1 Zone 1

Zone 2 Zone 2

Local RemoteZone 3 Zone 3

i— ANDAND

Figure 4-13. The permissive under-reach distance zones and the required communication 
acceleration between the protection relays
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Permissive Over-reach

Similarly permissive over-reach schemes will trip instantaneously if the fault is observed:

• By both ends in Zone 1

• By one relay in Zone 1 and the remote relay in Zone 2

• By both relays in Zone 2

Permissive over-reaching schemes will trip the circuit for faults where the apparent 

directional impedance at each end of the line is quite large. However, the zone 2 setting 

must still be configured to grade over the impedance values for all the possible faults on the 

line.

Zone 3 -4-

Zone 2 <4-
Zone 1 -4-

Zone 3

CB N/C 
Pallet

CBN/C
Pallet

Zone 1 Zone 1

Zone 2 Zone 2

RemoteLocal
Zone 3 Zone 3

Z2 + CB

AND — r- AND

Figure 4-14. The permissive over-reach distance zones and the required communication 
acceleration between the protection relays
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4.4.3 Blocking Schemes

Blocking schemes are slightly different in their zone arrangements and protection signalling 

logic. However, they will also trip a line instantly when a fault is seen:

• By both ends in Zone 1

• By one relay in Zone 1, and where the other relay observes the fault in the high 

impedance region of the Zone 2 characteristic.

• By both ends in Zone 2, as long as the apparent impedance is greater than that 

observed by the smaller Zone 3 forward reach.

Blocking schemes are similar to permissive over-reaching schemes in terms of the zone 2 

setting requirements providing the zone impedance reaches are set correctly. This is 

especially significant for the zone 3 impedance reach. Blocking schemes are also often 

applied in conjunction with over-reaching schemes in situations where the reliability of the 

signalling channel cannot be assured.

Zone 2 -4- Zone 3

Zone 1Zone 1

Zone 2Zone 2

Local Remote Zone 3Zone 3

Z2 . Z3

— ANDAND

Figure 4-15. The blocking scheme distance zones and the required communication acceleration
between the protection relays
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4.4.4 Current Differential

Current differential schemes are also employed in some situations. These do not rely on 

impedance calculations but are often used in conjunction with distance schemes. They 

require the measurement of current at each end of a feeder, on a per-phase basis. This 

information is then transferred between the relays, creating a trip signal if the difference in 

current is adequately large. Such schemes are usually considered a last option on long 

circuits due the additional expense in implementation.

4.5 Case Study Based on the Queensland to New South Wales Interconnector

The Queensland to New South Wales interconnector was selected to assess the adequacy of 

these protection schemes during an inter-circuit fault. This circuit was chosen due to its 

importance within the Australian power system, and the consequences of a zone 2 operation 

given the tight stability limits on this circuit.

An electrical model was created, which included a 330kV source voltage as well as equal 

positive and zero sequence source impedances of 41.9Z82.4°Q and 23.4Z83.4°Q. As 

shown previously in Figure 3-2, no transfer impedance was modelled between the source 

busbars as this is the only interconnection between the Queensland and New South Wales 

power systems.

These particular circuits are 172km in length, and have a low reactance construction. Given 

the circuit geometry, the positive sequence line impedance is 58.9Z84.9°Q. Similarly the 

calculated zero sequence line impedance was 165.5Z74.8°Q, resulting in a residual 

compensation value of 0.735Z-15.60.

This scenario has then been analysed in the ATP with a K.C Lee distributed parameter line 

model. As indicated in Section 2.5.3.14, the asymmetrical nature of the lines results in a 

small disagreement between the actual impedance observed by each relay for a three-phase 

bolted fault at the remote busbar. Similarly, Table 4-2 shows that earth faults on one busbar 

will result in observed impedances that vary between 55.8Q and 64.4Q.
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Table 4-2. Positive sequence loop impedances for the Queensland to New South Wales
Interconnector

Phase loop Impedance
R-B 64.38Z85.2°Q
R-W 55.87Z84.8°Q
W-B 56.59Z84.7°Q

The ‘boundary forward reach setting’ has been defined in [61] as the observed impedance 

vector normalized against the relay characteristic trip boundary. For the following 

simulated scenarios the fault position was varied and the boundary forward reach was 

calculated for each distance element. This calculation has been based on an ideal offset 

mho characteristic with a forward reach equal to the positive sequence line impedance.

These results have all assumed a negligible fault impedance. However, subsequent studies 

have demonstrated that at EHV transmission voltages the arc impedance between two 

consecutive conductors results in a minimal variation to the results. The fault resistance is 

usually small since such arcs usually maintain a voltage of around 1.5kV per millimetre 

[74].

Defining the source ratio (SR) as the ratio of the positive sequence source impedances, an 

SR of 1.15 was also initially chosen to identify any resulting dependencies.

4.5.1 Selection of Zone Settings

Generally, the zone boundaries of the protective relays are chosen so that any credible fault 

on the line will be observable for all system configurations. As described is Section 4.3, 

this means that the zone 1 and zone 2 reaches are reduced and increased respectively in 

accordance with a set of system studies. An alternative approach is to use a residual 

compensation value that eliminates the mutual coupling effect if the parallel line is 

grounded and there is no infeed from the remote end. However, despite eliminating the 

over-reaching errors, there is a corresponding increase in the under-reaching errors.

For this reason, a system study using an asymmetrical line model has been initially adopted 

for this case study. This approach requires the use of the original ATP model to determine 

the impedances seen by each distance element for a variety of faults on the remote busbar.

Page 132



Fault location and protection for inter-circuit faults

As shown in Tables 4-3 to 4-5, the line loop impedance was determined for a combination 

of phase and earth faults at the remote busbar.

Table 4-3. Observed impedance for a remote busbar fault with both lines in service

FAULT DISTANCE ELEMENT
TYPE B-R R-W W-B R-E W-E B-E
3 Ph 59.7Q 55.40 55.80 55.4Q 57.60 57.80
R-B 59.60
R-W 55.30
W-B 56.00
R-E 61.30
W-E 67.00
B-E 66.10

R-W-E 54.70 59.00 64.40
R-B-E 60.4Q 61.00 65.90
B-W-E 55.90 65.50 61.60

Table 4-4. Observed impedance for a remote busbar fault with one line out of service

FAULT DISTANCE ELEMENT
TYPE B-R R-W W-B R-E W-E B-E
3 Ph 64.50 56.00 56.20 58.20 55.90 62.00
R-B 64.40
R-W 55.90
W-B 56.60
R-E 52.80
W-E 55.40
B-E

R-W-E 55.50 54.00 55.20
59.20

R-B-E 64.90 53.10 62.60
B-W-E 56.40 57.60 56.80

Table 4-5. Observed impedance for a remote busbar fault with one line out of service and earthed
for maintenance

FAULT
TYPE

DISTANCE ELEMENT
B-R R-W W-B R-E W-E B-E

3 Ph 64.10 55.80 56.10 57.00 56.80 61.50
R-B 64.00
R-W 55.70
W-B 56.50
R-E 47.50
W-E 48.60
B-E 51.20

R-W-E 55.50 52.30 47.40
R-B-E 64.40 47.00 57.10
B-W-E 56.30 54.10 49.10
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A zone 1 reach should be selected to observe as much of the circuit as practically possible 

under all situations. However, this impedance should never exceed the impedance to the 

remote busbar. Consequently, this results in a zone 1 setting of 37.9Q or 73% of the 

positive sequence impedance since a 20% margin of error is commonly assumed for the 

transducers and relays.

Conversely, the zone 2 reach must always observe the full line impedance. Applying a 20% 

margin results in a required zone 2 setting of 80.4Q, or 136% of the positive sequence line 

impedance.

4.5.2 Impedance Variations for Inter-Circuit Faults

Referring to Figure 3-2, consider an A phase (of line 1) to C phase (of line 2) inter-circuit 

fault on this double circuit line. As illustrated in Figure 4-16, this creates a considerable 

under-reach for the phase impedance elements. This impedance plot also shows the effects 

of high and low reactance phasing, which is defined as High Z and Low Z, respectively.

As indicated from Section 2.5.3.14, inter-circuit faults are very unlikely on high reactance 

lines due to the conductor geometry. Nevertheless, calculations using high reactance 

phasing have been provided for comparison.

LowZ
Low Z

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 1

A-C Phase Elements 
Relays on Lines 1 &. 2 
at Source 2

Line Length (%)

Figure 4-16. Phase element impedance plot for an un-transposed line
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It is interesting to note that the significant under-reach at the remote busbar on these high 

reactance circuits is a result of the coupling between the faulted conductors on one circuit 

reinforcing the fault loop on the neighbouring line. The effect of this reinforcing flux is 

shown in Figure 4-17.

Figure 4-17. Under-reaching effect associated with inter-circuit faults on transmission lines 
constructed with a high impedance phasing

Figure 4-18 depicts the simulated earth fault impedances obtained for an inter-circuit fault 

applied at various locations on this transmission line. This particular diagram plots the 

observed impedance, which is normalised against an offset mho element with a forward 

reach equal to the line positive sequence impedance (Zy).

It is noted that these relay elements will under-reach for inter-circuit faults, although the 

observed impedance can still fall within the zone 1 reach at locations 20% from each line 

terminal. However, relays on only one of the two circuits will observe an earth impedance 

that falls within the mho relay characteristic.

A to C Phase 
Fault Current

Reinforcing Flux

----4
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Line Length (%)

100

Figure 4-18. Earth element impedance plot for an un-transposed line

Inserting transpositions in this line will slightly reduce the overall positive sequence 

impedance of the circuit. Nevertheless, this reduction is at the expense of homogeneity in 

the distance versus impedance characteristic.

Figure 4-19 shows that these transpositions create fluctuations in the fault loop impedance. 

This is due to the asymmetrical nature of the three faulted sections, similar to the result 

obtained in Section 2.5.3.14.

LowZ

0.80 .

A-C Phase Elements 
Relays on Lines 1 & 2 
at Source 1

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 2

Figure 4-19. Phase element impedance plot for a transposed line
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The earth elements of impedance relays also include these variations in the earth loop 

impedance when applied to transposed circuits. Figure 4-20 shows this simulated 

impedance with respect to the same offset mho characteristic. Again the earth elements on 

only one of the two circuits will observe the impedances shown below.
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Figure 4-20. Earth element impedance plot for a transposed line

Figures 4-18 to 4-20 all show the observed impedance against the boundary forward reach 

setting of an offset mho relay, but consider this impedance in a Cartesian format. Figure 

4-21 depicts the phase and earth impedance loci for variations in fault position. Two offset 

mho characteristics are also shown with a forward reach of 100% and 120% respectively. 

Flere, the maximum under-reach experienced by the phase elements occurs at 

approximately 80% of the line length. It is noted from these diagrams that the earth 

elements also provide very little extra coverage.

Higher fault impedances were considered in this analysis. Nevertheless, due to the 

conductor geometry and the resulting relatively low arc impedances no significant change 

was observed in the impedance plots. However, on a small scale, the earth impedance loci 

move further away from the trip region of the mho characteristic.
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A-C Phase Elements 
Relays on Lines 1 & 2 
at Source 1

Reach = 120% * Z1

Reach = Z1

C-E Earth Elements 
Relay on Line 2, 
at Source 1

-0.3 J

Figure 4-21. Consideration of earth impedance loci 

4.5.3 Source Impedance Considerations

The effects of source impedance variation on the phase relay elements are shown in Figure 

4-22. This diagram shows the impedances observed from each end of the line when the 

busbar source impedance ratio is 1:1 and 2:1.

A-C Phase Elements 
Relays on Lines 1 &2, 
at Source 2

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 1

Line Length (%)

Figure 4-22. Impedances observed by phase elements for source impedance ratios of 1:1 and 2:1

This impedance loci exhibits greater under-reach at the weaker source terminal for both 

phase and earth elements when the source impedance is increased above unity. The 

impedances observed at this weaker source are shown in Figure 4-23.
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Maximum Z- 70% (2:1 SR) 

Maximum Z - 75% (1:1 SR)
A-C Phase Elements
Relays on Lines 1 & 2, at Source 1

1:1 SR

2:1 SR

C-E Earth Elements 
Relay on Line 2,at Source 1-0.3 J

Figure 4-23. Impedance loci observed from the weaker source terminal

However, the opposite occurs for the relaying elements at the terminal with the stronger 

positive sequence source. As shown in Figure 4-24, the under-reach magnitude is reduced 

for the phase elements while the earth elements observe impedances similar to that obtained 

with a 1:1 SR.

Maximum Z - 75% (1:1 SR)
J - Maximum Z - 80% (2:1 SR)
• A-C Phase Elements
1_ JSsr' Relays on Lines 1 & 2, at Source 2

1:1 SR

2:1 SR
C-E Earth Elements 
Relay on Line 2, at Source 2

-0.3 J

Figure 4-24. Impedance loci observed from the stronger source terminal
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This effect is further portrayed in Figure 4-25, which shows the impedances observed by 

the relay earth elements normalized against the boundary forward reach setting. Here, the 

ideal mho characteristic trip boundary is again assumed to have a 100% line forward reach.

C-E Elements, Line 2, Source 1
2:1 SR (Weak Source)

1:1 SR
C-E Elements
Relay on Line 2, Source 1

2:1 SR (Strong Source)
C-E Elements
Relay on Line 2, Source 2

1:1 SR
C-E Elements
Relay on Line 2, Source 2

Line Length (%)

Figure 4-25. Earth element impedance plot for a mho relay with a 100% forward reach

Similarly, Figure 4-26 considers the magnitude of the phase element under-reach for 

variations in the source impedance ratio. With a large SR, the fault current is supplied 

predominantly from the strong source, which results in the distance relays observing a 

double phase to earth fault.

A-C Phase Elements

Weak Source

■ A-C Phase Elements.......

Strong Source ....

Source Impedance Ratio

Figure 4-26. Maximum phase element under-reach observed for variations in the source
impedance ratio.
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Conversely, the relay at the remote busbar must contend with the fault current infeed from 

the strong source thus producing a large observed impedance.

4.5.4 Line to Source Impedance Ratio

Now consider the impact of variations in the ratio of the line to source impedance. When 

the line impedance is reduced relative to the source impedance the maximum phase element 

under-reach remains fixed. As shown in Figure 4-27, this is despite the general under

reaching magnitude increasing for other fault locations.

5:1 Line to Source Ratio

15:1 Line to Source Ratio

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 1

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 2

Line Length (%)

Figure 4-27. Phase element impedance for a 1:1 SR with a variation in the line impedance

Nevertheless, the earth relay elements now observe fault impedances that are significantly 

more resistive than those observed on a long line. For instance, Figure 4-28 shows the 

impedance loci for both the phase and earth relay elements. As previously indicated in 

Figure 4-27, the phase elements are only marginally affected by such variations. However, 

the earth fault loop impedance is moved out of the offset mho characteristic as the line 

impedance is increased.

This apparent increase in fault resistance can be slightly offset when using fully cross- 

polarised mho earth elements. However, this compensation is not perfect and some 

additional offset is still observed.
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Maximum Z - Phase Elements
A-C Phase Elements
Relays on Lines 1 & 2, at Source 1

15:1 LSR

C-E Elements 
Line 2, Source 1

5:1 LSR

-0.3 J

Figure 4-28. Earth element for a 1:1 SR with a variation in the line impedance

Nevertheless, this is of little consequence as earth relay elements should not be relied on to 

protect against a fault which is essentially a phase to phase event.

4.5.5 Line Protection Implications

For this case study on the Queensland to New South Wales interconnector, the detection of 

an inter-circuit fault using a permissive under-reaching scheme would require the fault to 

be observed within the zone 1 impedance reach at one end of the line.

Zone 1 reaches are usually set to 80% of the lowest impedance that can be theoretically 

observed for faults on the remote busbar. This 20% reduction is a distance margin that is 

commonly applied to cover transducer and relay errors. The lowest observed impedance 

usually occurs when the parallel circuit is out of service and earthed at either end, resulting 

in zone 1 settings between 60-75% of the line impedance. These impedance reaches were 

determined in Section 4.5.1 and have been shown in Figures 4-29 and 4-30.

This diagram is derived from the impedance calculations shown in Figure 4-22 where the 

source impedance ratio is 1. In this instance, at least one of the impedance curves in Figure 

4-29 must exist below the zone 1 reach at all locations for the line to be adequately 

protected. Similarly, neither of the impedance plots may extend beyond the zone 2 reach 

when using a permissive under-reaching scheme.
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Figure 4-29 illustrates that for this scenario, there is a loss of the 20% distance margin over 

approximately 50% of the line. Moreover, the scheme is rendered ineffective over 

approximately 36% of the line, which leaves only 14% of the line adequately protected. 

Consequently, it can be concluded that permissive under-reaching schemes should not be 

solely used for protecting many dual circuit 330kV lines.

Zone 2 Reach

Zone 1 Reach

Loss of Distance 
Margin

Loss of Distance 
MarginBlind Section

Line Length (%)

Figure 4-29. Sections of the line which are blind to inter-circuit faults, or suffer a loss of distance 
margin when protected with permissive under-reaching schemes

Conversely, permissive over-reaching or blocking schemes require the fault to be observed 

within the zone 2 reach of the relays at each line terminal. These zone 2 reaches are 

commonly configured to 120% of the maximum impedance observed to the remote busbar.

As shown in Figure 4-30, the fault loop impedance may again encroach into this distance 

margin. Moreover, it is also possible for this impedance to exceed the zone 2 reach in some 

situations, especially where the two source impedances are different. In these locations the 

protection scheme would also be blind to any inter-circuit faults.

On long lines with quadrilateral relays, the earth elements may detect these faults. However 

this can only be achieved on circuits where the load current is low. Normally, the resistive 

reach of such relays is usually limited to 3.5 times the reactance value [75]. This may 

provide little benefit on shorter circuits as the apparent earth fault impedance is extended 

further from the origin of the impedance plot.
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Zone 2 Reach

Zone 1 Reach

Loss of Distance Margin Loss of Distance Margin

Line Length (%)

Figure 4-30. Sections of the line which suffer a loss of distance margin to inter-circuit faults when 
protected with permissive over-reaching schemes

Moreover, inter-circuit fault protection should theoretically only rely on the phase elements 

due to the absence of any earth return currents. Therefore, the zone 2 impedance settings 

must consider the prospective worst-case inter-circuit fault impedance. This is a function of 

the positive sequence source impedance.

Current differential schemes appear to be the only reliable approach to detecting these 

faults when appropriate zone 2 settings cannot be obtained, or when single pole tripping is 

required. This can be overcome by using at least one current differential scheme in 

conjunction with logic that will trip the faulted phases only. Otherwise, all six voltage and 

current signals should be analysed by a single relay to determine the fault condition, similar 

to the scheme proposed in [71].

4.5.6 Uncoupled Line Topologies

Thus far, this chapter has examined the implications of inter-circuit faults on double circuit 

lines with mutual coupling between the circuits. However, assume a hypothetical scenario 

where the previous dual circuit line with an SR of 1.15 has no mutual coupling. As shown 

in Figure 4-29, the magnitude of the under-reach observed by the phase elements is 

increased dramatically.
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4.6

A-C Phase Elements 
Relays on Lines 1 &2, 
at Source 2

A-C Phase Elements 
Relays on Lines 1 & 2, 
at Source 1

Line Length (%)

Figure 4-31. Under-reach experienced by a hypothetically uncoupled circuit

This raises further questions regarding some common dual circuit topologies where 

predominantly uncoupled circuits are intermittently strung on the same structures. A simple 

scenario is shown in Figure 4-30 where the circuits are coupled for a substantial distance 

from a busbar. Such cases may require special protection techniques against inter-circuit 

faults on the coupled section.

Bus A Bus B

Bus C

Figure 4-32. Partially uncoupled dual circuit topology

Conclusion

Unearthed inter-circuit faults pose an interesting scenario for most fault locating 

algorithms. Unlike the results presented in Chapter 3, travelling wave methods are the only 

approaches which provide suitable accuracy on all lines in these situations.

Unfortunately, distance protection schemes behave in a similar fashion to the simple 

distance fault locating algorithm. Hence large errors can be imposed into the protection 

relay calculations which may result in a failure to trip the circuit instantly. This failure can 

pose a serious threat to high voltage transmission systems as there are usually restrictions
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on the time taken to clear a fault, especially on network interconnections or lines carrying 

heavy or sensitive loads.

To protect against inter-circuit faults, at least one permissive over-reach or blocking 

scheme is required with a zone 2 reach large enough to extend over the apparent 

impedances observed from each line terminal.

Current differential protection should be considered on at least one of the circuits in 

situations where an inter-circuit fault is deemed a credible risk and the source impedance 

ratio between the line terminations is significantly larger than unity, or if single pole 

tripping is employed.

As a result of this detailed analysis, the TransGrid protection design philosophy now 

requires that all 330kV lines should have at least one over-reach or blocking scheme. There 

may also be a need to install current differential protection on double circuit lines to detect 

inter-circuit faults, however no such protection has specifically been required to date.
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CHAPTER 5

OBSERVED UNCERTAINTY WITH 

TRAVELLING WAVE CALCULATIONS
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5.1 Introduction

Chapter 3 presented the simulated accuracy of several fault location algorithms, which led 

to the development of the Hathaway travelling wave fault location system on TransGrid’s 

330kV network. However, the fault data recorded by this system has since highlighted 

some discrepancies between the theoretical and observed accuracy of the algorithm.

This chapter addresses the source of this uncertainty, and presents the hypothesis that this is 

caused by the filtering imposed by the substation current transformers and the associated 

secondary circuitry.

Table 3-6 has already shown the observed accuracy for some algorithms when applied to 

faults on the Sydney West to Bayswater 330kV transmission line. Despite the good results 

for the travelling wave system shown in this table, there are relatively few events where the 

fault location is known precisely.

Consequently, this chapter will primarily focus on the transients generated from circuit 

breaker operations seen on the Sydney West to Bayswater 330kV circuits. In this way, 

many independent observations can be compared since the origin of each transient is 

accurately known.

5.2 Transient Propagation Time

It appears that one of the greatest sources of uncertainty lies in the filtering which is 

introduced by the substation transducers. This creates a ‘trigger delay’, which can produce 

errors of several kilometres in the final calculation, especially when the filtering 

characteristics vary significantly at each line terminal.

Consider the circuit breaker operation shown in Figure 5-1 which was observed at Sydney 

West and Bayswater on the 25 December 2001. As shown below, the C phase pole was 

the first to close, followed closely by the B and then A phases. As per TransGrid’s operating 

policy, the Sydney West breaker was the first to close as the substation source impedance is 

slightly higher than that at Bayswater. This can be seen by the relative transient propagation 

time between the two transients shown in Figures 5-1 and 5-2.
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Figure 5-1. High frequency circuit breaker transient observed at Sydney West
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Figure 5-2. High frequency circuit breaker transient observed at Bayswater

Similarly, the Figures 5-3 and 5-4 show the waveforms recorded for a phase to earth fault 

on the 5th January 2002.
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Figure 5-3. High frequency earth fault transient observed at Sydney West
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Figure 5-4. High frequency earth fault transient observed at Bayswater

Figure 5-5 qualitatively demonstrates what impact this trigger delay can have on the 

calculated location of this fault. The dashed line indicates when the recording hardware
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recognised the high frequency transient, while the horizontal axis shows both the relative 

time and propagation distance when sampling at 1.25MHz.

-0.1 ms 0.1ms (Time)
(Location Error)7.5km-15km -7.5km

0.1 ms (Time)
(Location Error)

-0,1ms
-15km -7.5km 7.5km

Time Domain Signal at Bayswater Substation Time Domain Signal at Sydney West Substation

Figure 5-5. Fault transient observed on each phase during a phase to earth fault (5m January 2002)

Similar observations can be made when this signal is decomposed into modal components. 

The following diagrams have been calculated using the simplified Karrenbauer matrix 

given in (5-9), and include the redundant third aerial mode for comparison.

Ground
Ground

0.1 ms (Time)
(Location Error)

-0.1 ms-0.1 ms 0.1ms (Time)
(Location Error) 7 5km-15km -7.5km-15km -7.5km 7.5km

Modal Domain Signal at Bayswater Substation Modal Domain Signal at Sydney West Substation

Figure 5-6. Modal analysis of the phase to earth fault (5th January 2002)

It is easy to assume that this filtering error can be compensated by simple signal processing 

techniques. For instance, these waveforms suggest that a simple envelope detector and 

threshold would assist in identifying the true wavefront.

A simple and effective signal processing method is presented in [69]. Here, the coupling 

transducer is assumed to be ideal and the distortion in the travelling wave signal is 

compensated by normalising the wavefront gradients upon each measurement.
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However, the signals shown in Figures 5-1 to 5-4 are relatively clean and free from other 

sources of noise. Figure 5-7 shows a more common signal where there is a large amount of 

high frequency noise present prior to the initial travelling wave transient.

----- A Phase Wavefront
B Phase 
C Phase

Noise

Time (ms)

Figure 5-7. A circuit breaker operation observed at Munmorah on 23 line (13th November 2001)

These have also been many instances where a transient wavefront is embedded in the 

reflections from a previous fault. However, the greatest limitation imposed by this filtering 

is the loss of resolution between two transient signals which are closely located in time, as 

shown in Figure 5-8. Hence, human interpretation is generally the most robust way of 

calculating the fault location.

Consequently, the objective of this chapter is to quantify the errors introduced by the 

coupling equipment. Chapter 6 will then address some methods to minimise these effects 

through additional simulations.
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Figure 5-8. An A phase to earth fault observed at Sydney West on 32 line (14th November 2001)

5.2.1 Observed Distribution in the Signal Propagation Time

As indicated in the introduction to this chapter, circuit breaker transients have been used to 

analyse the accuracy of the travelling wave technique. Figure 5-9 shows the variation in 

circuit propagation time for 38 circuit breaker operations observed on circuit 32 (Sydney 

West to Bayswater) during the summer of 2001/2. This distribution includes the initial 

travelling time determined automatically by the recording hardware, and those 

subsequently obtained by manually interpreting the signal wave front.

This data reveals that the potential resolution is very poor when relying on the automated 

time tags provided by the recording hardware. This is an interesting observation since 

several other utilities around the world rely solely on this data for fault location calculations 

without reviewing the time domain waveforms. Nevertheless, this simple approach is still 

commonly used as these GPS time values can be easily incorporated into most SCADA 

systems. In some cases, the analysis of waveform data often requires a separate fault 

location system similar to that developed in [2].
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Figure 5-9. Calculated signal propagation travelling times from 38 circuit breaker operations

Interestingly, the overall resolution of the manually configured signals has an improved 

standard deviation of 1.4km at the calibrated modal velocity of 2.93xl05 km.s'1. This 

should be compared with the potential 300m resolution identified by previous researchers 

in Section 2.6.2.1. However, many of these published figures have been promoted solely on 

simulation and theoretical analysis, and do not account for the filtering errors associated 

with the high voltage coupling equipment. It is proposed that poor frequency response 

characteristics of this equipment is the main cause of discrepancy between Figure 5-9 and 

these other publications.

As suggested by the analysis in Section 3.3.2, any variations in the environmental 

conditions do not contribute significantly to this error. Nevertheless, some simple attempts 

have been made to verify this assumption by correlating the travel times with several 

thermal parameters that could affect the line susceptance. Figures 5-10 and 5-11 show that 

there appears to be no direct correlation with the time of day or the line current immediately 

before the transient was observed.
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Figure 5-10. correlation between travel time and time of day
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Figure 5-11. correlation between travel time and current prior to the event

5.2.2 A Simple Comparison of Signal Processing Techniques

Section 5.2 has demonstrated that rigorous signal processing is often required to reliably 

identify the signal wavefront. However, consider the application of some other simple 

techniques to determine the arrival time.

Table 5-1 shows a selection of signal processing methods which have been applied to the 

previous circuit breaker operations, and provides a comparison of the apparent accuracy of 

each. From this table, wavelet techniques appear to provide the most suitable compensation 

for trigger delay and noise. Both the continuous and discrete algorithms closely match the
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manually calibrated locations in terms of average travel time and standard deviation in the 

data.

Applying simple thresholds to time domain signals appears to degrade the obtainable 

resolution, which results in a larger standard deviation of almost 10km on the Sydney West 

to Bayswater circuit.

Table 5-1. Techniques of trigger delay compensation

Processing Methods Mean (jis) Variance2 (ps)
Threshold in signal magnitude 624 32.6
Threshold in rate of change 635 16.4
None (obtained from recorders) 635 14.8
Discrete WT (level 2 ‘sym2’) 640 7.32
Continuous WT (scale 10 ‘sym2’) 639 6.61
Manually calibrated 639 4.40

These results appear to indicate that the resolution of travelling wave fault data is limited to 

a tolerance of around 5.6km, assuming the data is Gaussian with a 95% confidence.

5.2.2.1 Comparison of Different Wavelet Function Families

Having identified the wavelet transform as a useful signal processing technique, 

consideration should be given to the choice of wavelet function used in an analysis. It is a 

common assumption that the wavelet function has a significant impact on the accuracy of 

any subsequent analysis. For this reason, the following diagrams show the DWT 

coefficients obtained from a sample fault transient using a variety of wavelet functions and 

scales.

Figure 5-12 shows the A phase current observed at the Sydney West 330kV substation for a 

fault that occurred on the 3rd December 2001. Similarly, several wavelet decompositions of 

this signal are shown in Figure 5-13, using a variety of wavelet functions. Each of these 

functions corresponds to a slightly different psuedo-frequency (refer to Section 2.6.3.2). 

Nevertheless, the following wavelet families have frequencies which are relatively close at 

the corresponding scales.
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Figure 5-12. A fault detected at Sydney West on the line to Bayswater (3rd December 2001)
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Figure 5-13. Application of the continuous wavelet transform using a variety of wavelet functions

Each of the wavelet function families shown above can adequately identify the observed 

travelling wave transients when using a decomposition level which is greater than 3 or 4. 

The significance of this observation will be further addressed in Chapter 7.

However, based on the calculations shown above, and due to the inherent simplicity of the 

‘sym2’ wavelet, it will be used exclusively from this point throughout this thesis.

5.3 Uncertainty in Synchronised Timing

Section 3.3.2 proposed that environmental effects such as thermal expansion of the 

conductors do not significantly affect the modal propagation velocity, and hence the 

accuracy of travelling wave algorithms. However, some inherent variation in modal 

velocity does exist between the aerial modes on most overhead circuits.

In the case of the Sydney West to Bayswater 330kV circuit, the top two phases of the 

circuit (A and C phases) are also fitted with power line carrier wave traps. These could 

further change the apparent attenuation characteristics for different phase-to-phase 

combinations. Nevertheless, simple lumped parameter passive filters such as this do not 

explain the large variation in observed travelling times.
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Instead, the variation in observed propagation times appears to be partly due to inaccuracies 

in the measurement of the transient arrival time rather than from variations in modal 

velocity. Interestingly, reference [76] describes the common approach taken when 

implementing these computer based GPS systems.

Microsecond-level synchronisation can be accomplished anywhere on earth through the use 

of the signals from GPS satellites. These systems usually claim a 1 microsecond accuracy, 

which is achieved after a few minutes of operation. However, when it comes to hardware 

design, a serial interface is commonly used to connect the external radio-based GPS 

hardware to the computer system. This approach “can introduce many microseconds of 

unpredictable delay” [77].

Reference [77] provides a good background into synchronised timing facilities, including 

GPS signals. Despite the available resolution of lps, typical receivers have an internal 

oscillator that can ‘flywheel’ over signal losses. During these periods, the timing accuracy 

may be also much greater than lps.

The Hathaway recorders used in the TransGrid travelling wave installation use a serial 

interface and exhibit very similar characteristics to those described above. Thus it appears 

that the distribution in travelling times must be partly due to the inherent timing inaccuracy 

of the recording hardware.

However, the filtering errors imposed by the coupling transducers and the resulting 

identification of the wavefronts are still considered to be more significant.

5.4 Filtering Imposed by Substation Transducers

Travelling wave transients from 38 circuit breaker, 9 phase-to-phase faults, 4 phase-to-earth 

faults, and one lightning stroke has been collected from both ends of the Sydney West to 

Bayswater 330kV transmission line. Using Matlab, an eigenvector spectral estimation has 

been applied to each signal, where the 13 largest modes have been incorporated in each of 

the following normalised spectral density plots.
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Figure 5-14. Average spectra of 38 CB signals seen respectively at Sydney West and Bayswater
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Figure 5-15. Average spectra of 9 phase to phase signals seen at Sydney West and Bayswater
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Figure 5-16. Average spectra of 4 earth fault signals observed at Sydney West and Bayswater

Page 160



Observed uncertainty with travelling wave calculations

X -10 -

-10 --'

o -20

Frequercy (Hz) x 10 Frequency (Hz) x 10

Figure 5-17. Average spectra of one lightning transient observed respectively at Sydney West and
Bayswater

This simple analysis demonstrates that the travelling wave signals observed at the Sydney 

West and Bayswater 330kV busbars exhibit vastly different filtering characteristics for the 

same transients. In each case, the coupling transducer appears as a low pass filter which is 

underdamped at a particular frequency. This frequency also seems to vary considerably 

between these two recording stations, with the Sydney West and Bayswater signals 

containing predominant modes somewhere around 50kHz and 20kHz, respectively.

This observation is supported by the data published in [21], which presents several 

travelling wave transients from the ScottishPower EHV transmission system. This paper 

was also based on data obtained from the Hathaway travelling wave fault location system. 

As shown in Figure 5-18, this data shows a distinct transducer resonance. Similar 

observations have been made by Gale in [47]. However, neither of these publications 

highlighted this observation.
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Figure 5-18. Travelling wave transients observed on the ScottishPower transmission system [21]

5.4.1 Transfer Function Estimation

It is a relatively easy task to identify the approximate transfer function between the surge 

current on the transmission line and the recorded signal. Here, a simple systems approach 

may be adopted to determine the transfer function H(s) from the Laplace transform of the 

line current X(s) and observed signal Y(s) [78]:

Y(s) = X(s)H(s) (5-1)

H(s) = Y(s)/X(s) (5-2)

Alternatively, the convolution representation may be used to determine the impulse 

response h(t) from the line current x(t) and the observed signal y(t) in the time domain.

y(t) = x{t)*h(t) (5-3)

It is assumed that the wavefront of each travelling wave signal is almost a step in current on 

the line (refer to Section 1.3.3). Hence, it is possible to obtain the impulse response h(t), 

based on an assumed step input u(t). Differentiating both sides and using the derivative 

property of convolution gives:
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y(t) = u(t)* h{t) (5-4)

Hence the transfer function is approximately equal to the derivative of the observed signal.

However, time domain optimisation has been used in this case to give a clearer 

understanding of the dominant pole locations. The transfer function H(s) of the current 

transformer and associated equipment is assumed to be of the following form:

H(s) Y(s)
X(s)

___________ Ks____________
(s + p,)(s + p2)(s + p3)(s + p4)

(5-5)

where A' is a constant, pi and pj are a lightly damped complex pole pair, and ps and p4 are 

real poles.

A bound input, time domain optimisation has then been used to obtain the gain and pole 

parameters for this equation from several transients observed during circuit breaker 

operations. The optimisation routine used the least squares technique given by (5-6).

Given input data X(t), and the observed output signal Y(t), this approach determines the 

coefficients x in H(s) that best match the two signals.

Min, hF(x,X(t)4-y(t)\\ = X(F(x’X(‘\')-y(X (5_6)
Z Z i

Since F(x,x(t)t.) = C'H(s) * X{t), this equation may be written as:

Min, \\\F(x,X(t),)-y(t)!{ = X(l-'H(s)*X(t)-y(t)$ (5-7)
Z Z /

where

x = \K,p\,p2,p3,p4] (5-8)

The value of X(s) was derived from the step response obtained from the ATP model 

developed in Chapter 3. Here, an earth fault was located at 50km on a 100km circuit (refer 

to Section 3.2).
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As expected, the inverse Laplace Transform of this signal X(t) is almost a classical ‘step’ in 

the aerial mode signal, with an attenuated superimposed ground mode transient. Similarly, 

Y(t) is the signal observed by the travelling wave recorder.

An example of this optimisation is shown in Figure 5-19, where a circuit breaker transient 

is compared with the optimised response. Here, the green waveform shows the optimised 

representation of the observed signal, which is shown in blue.
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Figure 5-19. CB Transient at Sydney West with the matched transfer function response

The boundary conditions for this analysis require that only two poles can be complex. It is 

the remaining ‘real’ poles that prove difficult to locate in many instances. However, these 

real poles are generally not dominant and do not significantly impact on the rise time of the 

transient wavefront.

The transients from the previous thirty eight circuit breaker operations (refer to Section 

5.2.1) were applied to this optimisation routine in an attempt to characterise the filtering at 

each end of the circuit. Figure 5-20 shows the location of the dominant poles associated 

with the transducer filtering at Sydney West. Similarly, Figure 5-21 shows the location of 

these poles at Bayswater.
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Figure 5-20. A pole zero map of the circuit breaker transients observed at Sydney West

nepers per second xicf

Figure 5-21. A pole zero map of the circuit breaker transients observed at Bayswater
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From this data it can be shown that a similar level of damping is present at both substations. 

However, the natural frequency of the pole pair appears to vary considerably between the 

two locations. Table 5-2 shows the average natural frequency and damping observed at 

Sydney West and Bayswater, respectively.

Table 5-2. Dominant pole locations

Location Natural Frequency Damping
Sydney West 

Bayswater
3.52x1 Cf rad.s'1 
LlOxlO5 rad.s'1

0.219
0.112

These filtering characteristics have been included within the travelling wave simulation 

software developed in Chapter 3. This has been achieved with a difference equation derived 

from (5-5), which uses the bilinear transformation.

Incorporating these filtering characteristics provides an opportunity to consider the mean 

statistical error for the travelling wave algorithm when applied to the simulated Sydney 

West to Bayswater circuit. As shown Figure 5-22, these observed filtering characteristics 

can impose several kilometres of error in the final fault location.

1 25km
1 75km

1.5km

' 1.5km

1,75km10 - 1 25km

Fault Position (%) Lire length (km) Line Length (km)

Figure 5-22. Travelling wave fault location error distribution using pole locations from Table 5-2

Figure 5-23 illustrates the impact of these filtering characteristics for a single simulated 

fault on this transmission line. Here, the difference between AT and At. indicates the 

potential impact of the trigger delay, which now appears to be the main source of 

uncertainty in travelling wave systems.
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Figure 5-23. Travelling wave trigger delay using the pole locations from Table 5-2

5.4.2 Experimental Methods to Measure Transducer Filtering

The travelling wave recorders use the substation protection current transformer and its 

associated secondary circuitry to monitor the high frequency travelling waves. The 

secondary cabling that runs from the switchyard into the substation control building is 

designed to carry 50Hz current signals for protection relays and other equipment. The 

cabling is usually a four-core PVC sheathed cable, in which three phases and a neutral 

signal are conveyed through the cable trenches or conduits. In large substations, the entire 

length of this circuit can be more than several hundred metres.

Figure 5-24. Protection secondary cabling used respectively at Bayswater and Sydney West
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To analyse the filtering effects of this cabling, a second Hathaway travelling wave recorder 

was purchased and installed at the base of the protection current transformer in the Sydney 

West switchyard. The aim of this experiment was to compare the travelling wave transients 

at either end of this four core cabling. The results can then be used to calculate the filtering 

characteristics of the cable, and to infer the response of the current transformer. Again, it 

was assumed that the frequency response of the inductive couplers would not affect the 

outcome of the experiment. This is later verified in Figures 5-46 and 6-28.

As shown in Figure 5-25, the inductive couplers were connected inside the bay marshalling 

kiosk which was located a few metres away. Underground cable data for this substation 

indicate that the overall length of this cabling between the current transformer and the 

control room is around 210m.

Figure 5-25. Installation of the travelling wave recorder in the switchyard

The spectra shown in Figure 5-26 are indicative of all the transients observed arriving at the 

Sydney West busbar during this analysis. From this, it is noted that significantly high 

frequencies are present in the signal observed at the base of the current transformer. Some 

higher frequency components may actually be present, but the travelling wave recorder is 

configured to sample at 1.25MHz. The corresponding anti-aliasing filters may have limited 

the frequency response of the observed signals.
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Frequency (Hz) xio5

Frequency (Hz) xio5

C Phase Spectrum

A Phase Spectrum

B Phase Spectrum

Frequency (Hz) xio5

Figure 5-26. Time domain signal and spectra recorded at the base of the current transformer

Nevertheless, Figure 5-27 shows that there is a considerable difference between the signals 

observed in the substation switchyard and control room. Here, the same transient has 

clearly been affected by the cabling between the two identical recorders.

Since both of the transient recorders were configured with the same internal gain settings, 

the impulse response may be initially estimated by subtracting the signals in the frequency 

domain. Such an analysis reveals that the protection circuits introduce a resonance at 

approximately 60kFIz. This estimate appears to be valid for all travelling wave signals 

observed arriving at this busbar.

Figures 5-28 and 5-29 also show another circuit breaker transient that was recorded by both 

of the travelling wave recorders, where the A phase pole was the first to operate, followed 

by the C phase pole. These two diagrams also highlight the increased oscillations present in 

the signal recorded in the substation control building.
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Figure 5-27. Time domain signal and spectra recorded in the substation control room

Figure 5-28. A circuit breaker transient observed in the substation switchyard
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Figure 5-29. A circuit breaker transient observed in the substation control room
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5.4.2.1 A Sydney West Circuit Breaker Operation

Consider a case where the Sydney West to Bayswater circuit is put on load. This normally 

involves energising the line from Sydney West, after which the Bayswater circuit breaker is 

closed. Figures 5-30 and 5-31 show the signals observed in the substation switchyard and 

control room building on the 16th May 2004 following the initial circuit breaker operation 

at Sydney West. Again, these signals verify the previous assertion that the cabling appears 

to introduce some underdamped resonance in the travelling wave transient.

However, the previous experimental analysis has considered the filtering characteristics on 

a phase domain basis only. As the secondary cabling is essentially an unbalanced 

transmission line, the filtering characteristics should be considered for each mode of 

propagation. Here, the modes have been simplified from the Karenbauer fully transposed 

matrix for a single circuit line [50], as given by:

A-C "1 0 -fV
B-C = 0 1 -1 h

i— i to
L_

__ 1 -1 0 Jc.

where A-B defines the A phase to C phase oscillations, B-C is the B phase to C phase mode, 

and A-B is the A phase to B phase mode. Similarly, IA, Ig and 1q are the A, B and C phase 

current signals, respectively.

From Figures 5-30 and 5-31, it also appears that the filtering characteristics are similar for 

each of the three independent modes. These modal signals have been calculated and are 

shown in Figures 5-32 and 5-33. Each of these includes the redundant fourth aerial mode, 

and shows that the general characteristic of the transfer function is similar in all phase and 

ground mode signals.

It is also noted that the arrival of the travelling wave ground mode oscillation coincides 

with the arrival of the other aerial modes. Since the ground mode travels at a slower 

velocity on overhead circuits, we can verify that this circuit breaker operation occurred at 

the Sydney West end of the transmission line.
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Figure 5-30. Time domain signal and spectra recorded in the substation switchyard
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Figure 5-31. Time domain signal and spectra recorded in the substation control room
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Figure 5-32. Modal domain signal and FFT spectral coefficients observed in the switchyard
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Figure 5-33. Modal domain signal and FFT coefficients observed in the substation control room
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Having roughly identified the filtering contribution of the secondary cabling, the 

waveforms recorded in the switchyard and at the control room have been applied to a more 

rigorous transfer function estimation routine within Matlab.

The transfer function estimation routine was repeated for all combinations of modal input 

and output combinations. Figures 5-34 to 5-36 show the results of this Matlab routine for 

each of the three aerial modes, where the legend given in each case shows the input mode 

observed in the switchyard followed by the output mode observed in the control room. 

Further details are available in Appendix 5.

These diagrams clearly show the same resonant properties across the modes at a frequency 

close to 60kHz. A subsequent analysis was conducted for frequencies between 300kHz and 

650kHz, but no useful information was obtained in this frequency range due to the anti

aliasing filters within the recording hardware.

0 50 100 150 200 250 300
Frequecy (kHz)

A-C - B-C

Figure 5-34. Transfer function estimation using the A-C aerial mode (0-300kHz)
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Figure 5-35. Transfer function estimation using the A-B aerial mode (0-300kHz)

B-C - A-C
B-C - A-l
B-C - B-C
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Figure 5-36. Transfer function estimation using the B-C aerial mode (0-300kHz)

5.4.2.2 A Bayswater Circuit Breaker Operation Observed at Sydney West

Now consider the transient observed at Sydney West following the operation of the 

corresponding Bayswater 330kV circuit breaker. This occurred around two seconds after 

the Sydney West circuit breakers energised the line. In this case the A phase of this circuit 

breaker has been the first to operate, followed by the C phase.
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Again, the current transients observed in the Sydney West substation switchyard and 

control room are shown in Figures 5-37 and 5-38, respectively. The effects of transducer 

filtering are a little less clear in this case since the higher frequency components have been 

slightly attenuated by the transmission line. However, the resonance can still be observed 

when comparing the time domain transients shown in these two diagrams.

It is noted that some resonance has again been observed by the travelling wave recorder in 

the switchyard. However, this is likely to be caused by the short section of secondary 

cabling between the high voltage current transformer and the interposing current 

transformer.

Frequency (Hz) x 105

Frequency (Hz) x 1Q5

B Phase Spectrum

C Phase Spectrum

A Phase Spectrum

Frequency (Hz) x 10s

Figure 5-37. Time domain signal and spectra recorded in the Sydney West switchyard
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Figure 5-38. Time domain signal and spectra recorded in the substation control room

Figure 5-39 shows the spectral information for each of the modes associated with the 

waveform in Figure 5-37. Again, these modes have been determined from (5-9).

GROUND
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A-B
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A-C
MODE

B-C
MODE

Figure 5-39. Modal domain signal and FFT coefficients observed in the switchyard
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Similarly, Figure 5-40 shows the spectral information associated with the signal observed 

in the substation control room (refer to Figure 5-38).

GROUND
MODE

A-B
MODE

A-C
MODE

B-C
MODE

Time (0.08ms window)

400

200

o
0 1 2 3 4 5 6

400

200

0
0 1 2 3 4 5 6

Frequency (Hz) xio5

Figure 5-40. Modal domain signal and FFT coefficients observed in the substation control room

The modal signals and spectra are similar to those seen during the previous circuit breaker 

operation at Sydney West (refer to Section 5.4.2.1). However, in this case the ground mode 

signal arrives shortly after the aerial modes. This is due to the difference in modal 

propagation velocity between the aerial and ground modes and the distance that the 

travelling wave transients have propagated before reaching the two Sydney West reorders.

Similarly, consider the application of the previous Matlab based transfer function 

estimation routine to this same transient. Figures 5-41 to 5-43 again show the results of this 

routine for each of the three aerial modes. These figures indicate that the secondary cabling 

has introduced a similar resonant response at around 60kHz.
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Figure 5-41. Transfer function estimation using the A-C aerial mode (0-300kHz)

A-B - B-C
- A-B - A-C

----- A-B - A-B

O) 1 -

0.5 v,

150
Frequecy (kHz)

Figure 5-42. Transfer function estimation using the A-B aerial mode (0-300kHz)
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Figure 5-43. Transfer function estimation using the B-C aerial mode (0-300kHz)

5.4.2.3 Variation in Frequency Response between Sydney West and Bayswater

This analysis has briefly demonstrated the impact of the substation transducers at Sydney 

West for two separate transients which originated from each end of the Sydney West to 

Bayswater circuit. However, the filtering at Sydney West is not consistent with many other 

locations on the TransGrid 330kV network. Consider the impact of the transducers on 

travelling wave signals observed at the Bayswater 330kV substation when energising the 

line, as described in Section 5.4.2.1.

It has already been shown from Figures 5-14 to 5-17 that the Sydney West substation 

transducers introduced a 60kHz resonance, while the Bayswater 330kV substation 

introduced a 20kHz resonance in the recorded travelling wave transient. For additional 

verification of this assertion, Figures 5-44 and 5-45 show the recorded signals and phase 

spectra observed in the Sydney West and Bayswater substation control buildings for this 

same circuit breaker operation. Here, the higher frequency components of the Bayswater 

signal have been attenuated to a greater extent than those observed at Sydney West. 

Similarly, the 60kHz resonance can clearly be observed in Figure 5-44 while the resonant 

peak in Figure 5-45 corresponds to a resonant frequency of around 20kHz.
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Figure 5-44. Time domain signal and spectra recorded in the Sydney West scontrol room
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Figure 5-45. Time domain signal and spectra recorded in the Bayswater substation control room
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5.4.2.4 Inferred Response of the Current Transformer and Cabling

Thus far, this chapter has demonstrated the overall impact of the secondary cabling by 

assuming an ideal substation current transformer and by using two identical recording 

devices. However, from the data available it is possible to infer the actual response of the 

high voltage current transformer and the travelling wave recorder.

Applying a step input to the interposing transducers of the travelling wave recorders yields 

a high pass response with a time constant of approximately 0.1ms. This is supported by the 

analysis presented in [2].

Figure 5-46 shows the transmission line aerial mode current for a circuit breaker operation 

which was generated from the ATP model developed in Chapter 3. This is compared to the 

actual aerial mode signals recorded in the switchyard and substation control room, which 

have been normalised to match the magnitude of the simulated data. The effect on signal 

magnitude will be further addressed in Chapter 6.

Circuit Breaker Transient 
Recorded in Switchroom

Circuit Breaker Transient 
Recorded in Switchyard Simulated Line Current

Step Response of 
Travelling Wave Recorder

Time (ms)

Figure 5-46. Comparison of step responses in the modal domain
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It is noted that the travelling wave signal recorded in the substation switchyard closely 

resembles the travelling wave recorder step response. This indicates that the protection 

current transformer has reasonably good high pass characteristics.

Alternatively, the secondary cabling appears to impose the underdamped oscillations seen 

in the signals recorded in the control room. Some slight resonance also exists in the signal 

recorded in the switchyard. However, this can be attributed to the 10-15 meters of 

secondary cabling between the current transformer and the bay marshalling kiosk where the 

measurements were taken.

5.5 Conclusion

This chapter has considered the observed uncertainty in fault location calculations on the 

Sydney West to Bayswater 330kV transmission line. Circuit breaker transient propagation 

times have been used to verify that the wavelet transform is an effective means of 

identifying the signal wave fronts. However, such signal processing techniques still exhibit 

an overall fault location resolution of several kilometres. This contradicts the ±150m given 

in several publications. Nevertheless, these were mostly theoretical and not based on 

experimental data.

It is the filtering characteristics of the high voltage transducers that predominantly impose 

this additional timing uncertainty. High voltage transducers with a large dynamic range are 

available for use in substations. However the additional installation costs and the outage 

requirements are a major limitation in their use. The commissioning cost is a very 

significant factor, as travelling wave techniques must compete with cheaper impedance- 

based algorithms incorporated in most protection relays and fault recorders. For this reason, 

conventional substation transducers are usually the only economic means of monitoring 

travelling wave transients.

Using the Sydney West 330kV substation current transformers, the signals observed at the 

fault recorder appear to include a resonance at around 60kHz. Conversely, the signals 

observed at Bayswater include a lower resonant frequency at around 20kHz.

Page 183



Observed uncertainty with travelling wave calculations

There are currently no documented techniques to identify the impact of transducer filtering 

on travelling wave algorithms. Hence, it is the aim of Chapter 6 is to further quantify the 

source of this filtering, and to generate a simple distributed parameter model which that can 

replicate the characteristics of the substation transducers.
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CHAPTER 6

SIMULATING THE PERFORMANCE OF 

SUBSTATION TRANSDUCERS
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6.1 Introduction

Chapter 5 highlighted the errors which can be imposed by the filtering characteristics of 

conventional substation transducers.

This chapter describes the development of a high frequency model of the Sydney West to 

Bayswater transmission network, Sydney West protection current transformer and 

associated circuitry. Simulations using this ATP model have shown a close correlation to 

transients observed by the travelling wave installation.

This model provides a means of assessing the accuracy of the travelling wave fault location 

data prior to installation. Moreover, it implies that a secondary circuit should be selected 

which has a very low inductive burden and cable capacitance.

6.2 Substation Current Transformers

Bulk oil switchgear has been used widely in older electrical installations. This equipment 

incorporates a large tank of oil that is used as the insulating medium during switching. Due 

to the size of this switchgear, instrument transformers are often incorporated into the 

bushings of this tank.

Modern HV installations often require current transformers adjacent to the circuit breakers 

or incorporated in switchgear bushings. In this case, separate HV current transformers are 

usually constructed in the post form, as depicted in Figure 6-1. The oil filled current 

transformer shown on the left is called a ‘live tank’ current transformer as the high voltage 

conductors extend into the lower portion of the CT via the hair-pin shaped conductor. Here, 

the secondary cores are fitted around the lower part of the primary tube and are connected 

to terminals on the metal tank.

Conversely, the oil filled ‘live head’ CT shown to the right has a short conductor section 

located on top of a post insulator. These systems often have the cores and secondary 

windings housed in a tank that is at line potential. The toroidal instrument transformers are 

then located around this conductor within a protective enclosure. Modern live head current
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transformers have also evolved to use gas insulation. These are similar to the oil filled 

variety, except that the primary conductor is insulated by sulphur hexafluoride gas.

Nevertheless, the live tank current transformers are still very common in EHV substations 

due to their ability to house several large protection and metering cores. The line protection 

cores are particularly large since the magnetic flux must not saturate within the protection 

operating time following a fault. This is particularly significant in situations where the 

source impedance X/R ratio is high.

Nitrogen

Terminal
Chamber

Porcelain
Insulator

Insulated
Primary
Conductor

Arcing
Ring

Cores and 
Secondary 
Winding

Figure 6-1. Sectionalised view of a dead tank ‘hair-pin’ and a live head CT assembly [79, 80]

Insulation of the primary conductor is provided by oil-impregnated paper that has a high 

dielectric strength. In older style CT’s, this conductor is made from aluminium tubing and 

is configured in the classical U or ‘hairpin’ shape. Metallic foils are inserted a number of
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levels in the dielectric to control the distribution of the electrical stresses. Generally, there 

is anywhere between 24 and 28 foil / paper layers in this insulation.

Moisture and oxygen must not enter the housings of these transformers because of the 

detrimental effects they can have on the oil-impregnated insulation. For this reason, all 

recently manufactured CT’s have been hermetically sealed. Although older impregnated 

current transformers require breathers and conservators. Flere, nitrogen-oil seals are often 

used in the head of the CT to prevent the oil in the transformer from contacting the 

atmosphere, as shown in Figure 6-1.

A high frequency equivalent circuit for a typical hairpin type CT is shown in Figure 6-2. It 

is expected that this equivalent model should be valid for most CT designs due to similarity 

in construction and the common insulation and earthing arrangements.

CT Hairpin

Faraday

-J —^ -r- -r1 r.

CT secondary

25-28 Grading 
Capactors

Bushing ground lead 
(to DLA test point)

CT Cores

Figure 6-2. HV equivalent circuit of a high voltage current transformer

At frequencies in excess of around lMFIz, the stray capacitances of the windings to faraday 

shield, core and case become very significant in determining the secondary current. A 

portion of the travelling wave surge flows to ground via the ground connection on the CT, 

which is attached to the outermost insulation grading capacitance [81].
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The ground connection is very important in determining the impact on the secondary 

cabling since surge currents are coupled to ground through the bushing capacitance and 

Faraday shield. This shield is a ground plane between the primary and secondary windings 

designed to provide some electrostatic isolation between the primary and secondary 

windings.

The high voltage transients can be coupled to the secondary circuits through the distributed 

capacitance of the CT core and the inductive coupling between the primary and secondary 

windings of the CT. These stray capacitances arise from the distributed or parasitic 

electrical coupling between conducting objects in or around the transformer and include the 

capacitances within and between each winding. Generally, these can usually be defined as 

the turn-to-turn or layer-to-layer capacitances [82].

Secondary circuits without an earthed screen can have a large transient component induced 

from the current flowing to ground through the bushing capacitance and the ground lead. 

However, all modern substation control, protection and metering circuits contain an earthed 

copper sheath. This sheath distributes a portion of this surge current to ground along with 

the earthing strap of the CT. As a result, transients propagating within the secondary 

cabling are affected by the induction between the inside surface of the sheath and the cable 

conductors. This is determined by the transient current density on the inside surface of the 

shield. However, the skin effect and conductivity of the shield is quite high at these 

frequencies, which results in low internal fields.

Current transformer windings are frequency dependent and can be represented as a 

distributed network, as shown in Figure 6-3. The parameters include the shunt capacitance 

Cy, series capacitance Cz, series inductance L and the series resistance R for a short length 

of the winding dx.
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Figure 6-3. High frequency electrical model of a transformer winding [83]

The surge impedance Z of this network is given by

Z =
L/Cy

L-C^Lco2
(6-1)

This impedance varies with frequency, and the predominant resonant frequency/is:

/ = (6-2)

Since the inductance of a protection core is very small, the resonant frequency is usually in 

the MHz range which is well above the bandwidth of most travelling wave recorders.

6.3 Development of a Current Transformer Model

Figure 6-4, shows an equivalent high frequency model of a generic two-winding 

transformer where Rwj and RW2 are the respective resistances of the primary and secondary 

windings. Similarly, Vj and V2 are the terminal voltages, and / and L the terminal currents 

of the transformer. C/0, C20 and C/20 represent the self and mutual capacitances of the two 

windings.
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o-^—vwv AAA/V—^

Figure 6-4. High frequency model of a two-winding transformer

Figure 6-5 shows the same transformer with these parameters referred to the primary side. 

Here, Rwj, Lu and RW2, Lu are the resistances and leakage inductances of the primary and 

secondary sides of the transformer. The core loss resistance is represented by Rm and 

NidO^/dt is the back emf seen in the primary winding due to the magnetising flux 

within the transformer.

AAM—H)o ^—ww

Figure 6-5. High frequency equivalent model referred to the high frequency side

Due to the geometry and construction of a high voltage current transformer, the resistance, 

leakage inductance and the stray capacitance of the primary winding can be ignored, 

leaving the secondary winding parameters. Consequently, a simplified high frequency 

equivalent circuit of a typical hair-pin type EHV CT is shown in Figure 6-6, where the 

relationship between the primary ij and secondary current C is a function of the winding 

ratio.
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The predominant impedance across the secondary terminals is the excitation or magnetising 

inductance Lm- This is highly non-linear and varies with the voltage across it, Es.

Figure 6-6. High frequency model of a ‘hair-pin’ current transformer

The values of the parameters in this transformer model are not generally available. Hence, 

some measurements were required from a decommissioned 330kV CT from the same 

manufacturer. This current transformer was located within the Eraring 500/330kV 

switchyard in May 2004 and had a similar contract number to the line 32 current 

transformer at Sydney West substation.

The following photograph shows this current transformer after the porcelain insulator and 

steel tank were removed in 2002. The two cores on the left side of the hair-pin are the two 

line protection windings, which each have a mass of around 150 kg. On the other side of 

the hairpin winding, the two metering cores (top right) and inter-zone protection cores 

(bottom right) are shown.
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Figure 6-7. Dismantled 330kV CT at Eraring
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Figure 6-8. Nameplate from the dismantled current transformer
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Due to concerns by TransGrid over the condition of other in-service current transformers 

within the Eraring switchyard, staff entry to Eraring was limited to 30 minutes. For this 

reason, tests were not conducted on the transformer in the condition shown above. Instead, 

a line and an inter-zone protection core were each removed and taken to the power 

engineering laboratory at the University of Technology Sydney in June 2005.

Chapter 8 further addresses these concerns over staff safety when working near EHV 

current transformers.

6.3.1 The Resistance of the Toroidal Core

The DC winding resistance of each protection core was measured using the simple test set

up as shown below. For each core winding a DC voltage was applied, and the current 

through the winding was measured with a high accuracy ammeter.

DC Source

Ammeter

Figure 6-9. DC resistance measurement

Figure 6-10. Tests being conducted in the UTS laboratory 

(The inter-zone core is shown to the left, and the distance core is to the right of the pallet)
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Table 6-1 shows the data obtained from the results obtained from the original test report for 

this current transformer [35]. The documented resistance values (at 19°C) closely match the 

results obtained from this test at 22°C.

Table 6-1. DC Resistance of the CT windings

Parameter
Current Transformer Turns Ratio

4000/1 3000/1 2000/1
Resistance (Q at 19°C) 10.47 7.55 4.86
Resistance (Q at 75°C) 12.78 9.22 5.94

The in-service current transformer at Sydney West is configured with a turns ratio of 

4000/1. Therefore all the resistance figures presented from this point apply at this particular 

current transformer ratio.

Unfortunately, the DC resistance alone cannot be used to specify the winding resistance 

when considering travelling wave transients. The actual resistance of each winding also 

increases with frequency due to skin and proximity effects within the core [84]. High 

frequency testing of the core was not practical due to the very large magnetising 

inductance. Several simple methods of calculating the skin effect have been published in 

[85]. However, calculations based on the internal impedance of the conductor are more 

exact [67, 86], Using this method, the complex internal impedance of a solid cylindrical 

conductor is obtained as a function of the ratio of the voltage drop along the surface of the 

conductor to the enclosed current. The internal resistance R(co) can then be given by the 

following expression [84]:

where

1 r«n 2 beru bei' u - beiu ber' u
r ^ '1.71CJ y (ber'u)2 +{bei'u)2

(6-3)

u = (7 =

i

rfno-
(6-4)

Here, r, a, [u and 8 are the radius, conductivity, permeability and skin depth value of the 

circular conductor, respectively. Similarly,/is the frequency (Hz), and the functions her,
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ber\ bei, bei’ are the well documented Bessel functions. Numerical expressions are 

available for these functions, from which the conductor impedance can be calculated. 

However, in many situations, the ratio of r/8 is relatively large. On this assumption, the 

resistance R can be accurately obtained from the following simple relationship [67]:

R r
----- a — + 0.26 (6-5)
Rdc 25

The proximity of the windings also affects the ability of each conductor to carry current as 

the current density flowing in the surface of the conductor is proportional to the magnetic 

field strength tangent to the surface at that point. Electromagnetic fields generated by each 

conductor within the winding may add or subtract at various locations. The high frequency 

current will then concentrate in the conductor where these fields are additive. Due to the 

inherent construction of a CT winding, this further reduces the current carrying capacity.

Figure 6-11. Depiction of the current density within close conductors, while carrying high frequency
current in the same direction

The protection core in question is composed of resin insulated copper wire with a radius of 

0.50mm. Based on the DC resistance, the skin and proximity effects, a resistance of around 

30Q at 100kHz has been assumed.

6.3.2 The Leakage Inductance of the Toroidal Core

The leakage inductance of a toroidal transformer is usually extremely low due to the 

absence of leakage flux. Most high voltage current transformers include a small air gap to 

eliminate the effects of remanence in the CT [87], although this is rarely the case for 

protection cores. Consequently, the winding leakage inductance of protection cores can 

generally be ignored on the assumption that the core is gapless and that the windings are 

wound uniformly.
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6.3.3 The Magnetising Characteristic of the Toroidal Core

The non-linear magnetising reactance of the protection core can be determined from the 

manufacturer’s excitation characteristic. When the flux density within the core is less than 

the saturating density Bmax, the excitation voltage and current is of the following form:

Es — AI £ (6-6)

where Ie is the excitation current, and both A and B are constants which can be determined 

from the excitation curve. These curves are generated on a logarithmic scale, where the 

slope B is greater than unity in the linear region and less than unity in the saturated region 

and the knee point determines the boundary between these regions [88]. Definitions of knee 

point can vary significantly, although in most cases it is defined as the point at which a 

10% increase in excitation voltage produces a 50% increase in excitation current [88, 89]. 

Assuming that the iron and copper losses are negligible, the value of the non-linear 

inductance LM can be approximated by:

LM
2 7dE f

(6-7)

The copper and lamination losses actually increase at higher frequencies due to the skin and 

proximity effects. However, these are small when compared to Lm- Consequently, the 

protection current transformer corresponds to a 0.025PL8600R14 class CT [89] since it has 

a saturation voltage of 8.6kV, an excitation current of 4.8mA and a slope B of 

approximately 1.6 [88].

• Magnetizing Inductance 

- Excitation Voltage5000 -

4000 -
ra o
03

3000 -

2000 -

1000 -

Magnetizing Current (mA)

Figure 6-12. Magnetising characteristic of the CT line protection core
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The flux within the core is a function of the integral of the magnetising voltage Es. Since

the fault currents include a DC offset, saturation can occur in situations where the power 

system X/R ratio is large. The time to saturation depends on the size of the CT core and the 

time constant of the high voltage network, and is usually several milliseconds for protection 

cores [90].

Travelling wave fault location calculations use data recorded over a period of several 

microseconds after the inception of the fault. This combined secondary cabling with a surge 

impedance of approximately 20 ohms results in excitation voltages in the linear range.

For instance, the flux $ in the protection core is given by the following relationship, where 

N is the number of turns in the secondary winding.

<t>=\^r:dl (6-8)
J ft

A complete travelling wave representation of the transformer is required when considering 

the flux within the core over a period of less than 10'9 seconds. Such a representation is 

given in [91]. Neglecting this transient response and assuming that the leakage inductance 

is negligible, the flux can then be given by:

Also, assuming that the surge impedance Z of the cabling is real, approximately 20Q, and 

that the cabling is relatively long, the flux in the first few microseconds after the travelling 

wave arrives is given by:

Translating this to the primary HV live current through the transformer turn ratio, we get:

(f) « f — dt
] N

(6-9)

(6-10)

(6-11)
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Again consider the ATP model that was developed in Chapter 3, where an A phase to earth 

fault is simulated at 40km on a 100km circuit. Figure 6-13 shows the approximate flux in 

the faulted phase core for the first few microseconds after the travelling wave transient 

arrives at the busbar.

1500 -

A Phase Current

nooo - -■ 0.2

“ 500 -

B Phase Current

C Phase Current

-- -0.1-500 -

-1000

Time Since Fault Inception (ms)

Figure 6-13. Simulated A phase to earth fault at 40km on a 100km line

The Australian Standard on Instrument Transformers [92] describes the common testing 

regimes for current transformers. When measuring the magnetisation characteristic, 

voltages greater than the knee point voltage are required to remove any remanent flux, and 

to measure the inductance. As this test would have required voltages in excess of 9kV, the 

characteristic provided in the original test report has been adopted.

6.3.4 The CT Bushing Capacitances

The manufacturer’s test report also specifies that the capacitance of the impregnated 

insulation Cpf is approximately 890pF, which is similar to values reported in [81]. The 

original CT test report also indicates that the capacitance between the faraday shield and the 

secondary winding is around 50pF [35].

Generally, the overall distributed insulation capacitance can vary between 500-700pF, 

where the individual grading layers often also have a significant variation in the observed 

capacitance.
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Figure 6-14 shows the capacitance of the insulation layers from another 330kV current 

transformer which TransGrid removed from service in 2002. It is clear that the voltage 

stress is often not even throughout the insulation structure of older current transformers. 

The variation in foil capacitance shown below would create a poor voltage distribution 

under transient conditions.

co . r,CL 10

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Foil Section No.

Figure 6-14. Capacitance of individual foil layers from a 330kV ‘hair-pin’ CT

6.3.5 The CT Stray Capacitance

The stray capacitance of the secondary winding Cs can theoretically be determined from 

several different methods [82, 93]. Some of the main approaches are the natural resonance 

approach [93], theoretical calculation based on the field analysis [94, 95], a two port 

network approach [82], and the step response approach [82].

When using the resonance approach, network theory must be used to correlate the 

equivalent parameters with each resonant peak. The second option requires information on 

the geometry and electrostatic behaviour, and employs sophisticated electric field analysis.

Unfortunately, the lumped stray capacitances in transformers are frequency dependant due 

to the eddy currents produced by the magnetic field. However, such frequency dependant 

parameters have not been considered in publication at this point. Nevertheless, the
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frequency dependency of other parameters has been dealt with in several references, 

including [82] and [94].

Given the geometry of the current transformer, the step response and the resonance 

approaches are the easiest to implement. The step approach determines the single stray 

capacitance of the toroid from its step response. Here Vs and is are the excitation voltage 

and current, while ic is the current passing through the stray capacitance and ii is the 

magnetisation current.

ls

Figure 6-15. Measurement of the stay capacitance using the step response approach

If the inductor is excited by a square wave input voltage, the capacitive current can then be 

obtained by subtracting the inductive current from the excitation current, as presented in 

[82].

Alternatively, another common approach is to measure the driving point impedance of the 

transformer using an input signal of varying frequency. The predominant peak in 

impedance corresponds to the resonant frequency / at which the following well-known 

formula holds, where L is the inductance in Henries and C is the capacitance in Farads.

/ =
1

2 TtJIC
(6-12)

Two-port analysis can be used on all combinations of transformer connections in order to 

measure the stray capacitance across each winding. However, only one measurement is 

required in the case of this particular current transformer. An equivalent pi transformer 

model can then be used to fit to the data.
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A frequency scan was undertaken on the core using the previous test set-up shown in 

Figure 6-9. Nevertheless, the stray capacitance of this particular protection core could not 

be measured due to the very large magnetizing inductance and damping resistance of the 

core. Flence, it is assumed to be negligible at those frequencies considered by the travelling 

wave recorders.

6.3.6 The Transformer Model

Based on the previous analysis, Table 6-2 describes the relevant parameters which are now 

applicable to Figure 6-6. As indicated from the previous sections, some of these parameters 

have been derived from experimental data while others have been obtained from 

manufacturer’s test reports and other publications.

Table 6-2. Electrical parameters for the transformer model

Current Transformer Turns Ratio
Parameter ---------------------------------------------------- Source

4000/1 3000/1 2000/1
DC Resistance (Q at 19°C) 10.47 7.55 4.86 Measurement
DC Resistance (Q at 75°C) 12.78 9.22 5.94 Measurement
Resistance at 100kHz (Q at 75°C) 35 - - Calculation
Bushing Capacitance CP (pF) 890 890 890 Test reports
Faraday Shield Capacitance CF (pF) 50 50 50 Publications
Distributed Capacitance Cs (pF) (found to be insignificant) Measurement
Magnetizing Inductance LM 

(H at 100kHz) * 3000 « 3000 « 3000 Test reports excitation 
characteristic

Leakage Inductance Lt (H at 100kHz) (found to be insignificant) Measurement and theory

6.4 Substation Secondary Cabling

Having defined the electrical characteristics of the substation protection transformer, 

consider the impact of the substation secondary cabling that connects the current 

transformer to the protection relay panel.

Most high voltage substations incorporate a double breaker or breaker-and-a-half busbar 

arrangement. This is a great advantage from an asset management perspective as 

maintenance can be undertaken in one bay while the line is energised from the remaining 

bay.

Each of these line bays contain three separate current transformers, where one is provided 

for each phase. In most situations, a multi-core cable is laid in conduits or trenches between
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the individual current transformers and the local cable bay marshalling kiosk or cubicle. 

Here the cable sheaths are earthed and the conductor cables are routed to the required 

destination. Generally, the neutral conductor is also earthed here [96, 97].

Figure 6-16. General arrangement of cabling within the bay marshalling kiosk

The analysis to this point has been conducted on the Sydney West to Bayswater circuit 

which incorporates only one switchgear bay at Sydney West. This particular bay uses three 

19-core cable sections between the current transformers and the bay marshalling kiosk, 

which vary from 30 to 37m in length. These are then connected to a 4-core cable to the 

control room, which is 210m in length.

21 9mm

19 CORE 7/0.029” CABLING 
(Approximately 30 metres)

4 CORE 7/0.029” CABLING 
(Approximately 210 metres)

19.7mm

Current
Transformer

Figure 6-17. Cable cross sections (4 core 7/0.029” and 19 core 7/0.029” respectively)
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All of the conductors used within the Sydney West substation are plain annealed copper, 

circular in cross section and insulated with type V-75 water resistant 0.6/1 kV grade PVC 

(Refer to AS/NZS 5000.1:1999 - 1992 Clause 6.1). The cable sheaths are also V-75 type 

black PVC, as specified in [98], while the construction of these screened cables includes 

bedding tape and a copper tape screen between the cores and the sheath (Refer to 

AS/NZS5000.3:2003 and AS/NZS 5000.1:1999).

This particular control cable at Sydney West has been in service since the substation was 

constructed in 1964 and no spare cable sections were available for testing. Consequently, 

an ATP model has been developed to consider the impact of the 4-core cabling system. The 

19 core cable has been ignored due to the short length and difficulty in identifying the 

currents flowing in the coupled circuitry.

The four core cable was depicted with the aid of the cable constants program within ATP in 

conjunction with the Semiyen recursive second order modelling routine. This overall model 

represented the distributed and asymmetric nature of the cable circuit as a frequency 

dependant model in the modal domain. The parameters in this case were calculated around 

a frequency of 100kHz.

The depth of each cable was assumed to be 30cm based on the general approach of laying 

these cables in either conduits or trenches. Although, the earthed sheath means that any 

variation in depth has little impact on the circuit impedance. For this reason, a homogenous 

Carson’s model was used in preference to the stratified Nakagawa earth model [6]. Table 

6-3 lists the parameters which have been assumed in developing this model:

Table 6-3. Electrical characteristics of the 4-core cabling

ATP Symbol Description Value
Pc Resistivity of the copper core (Qm) 1.56x1 O'8
Pc Relative permeability of the copper core 1.0
Pi Relative permeability of the PVC insulation 1.0
El Relative permittivity of the PVC insulation 2.3
Ps Resistivity of the copper sheath (Qm) 1,56xl0'8
Pi Relative permeability of the copper sheath 1.0
E I Relative permittivity of the copper sheath 1.0
El Relative permittivity of the PVC protective layer 2.3

Relative permittivity of the cable ‘filling’ material 2.0
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Using these parameters, the impedance and admittance matrices have been computed at 

100kHz (refer to (2-33)). These are given by:

v "yCORE 1 1.22Z84.70 1.09Z84.90 1.07Z84.90 1.09Z84.90 ! 1.06Z84.70"|
ICORE 1

VyCORE 2 1.09Z84.90 1.22Z84.70 1.09Z84.90 1.07Z84.90 | 1.06Z84.70 ICORE 2

vyCORE 3 1.07Z84.90 1.09Z84.90 1.22Z84.70 1.09Z84.90 1.06Z84.70 * CORE!

vyCORE 4 1.09Z84.90 1.07Z84.90 1.09Z84.90 1.22Z84.70 1.06Z84.70 1CORE 4

V
y SHEATH 1.06Z84.70 1.06Z84.70 1.06Z84.70 1.06Z84.70 ! 1.06Z84.5°_ JSHEATH

(6-13)

CORE 1 ’ 6.0x1 O'5 Z90° 1.6x10'5 Z-90° 5.2x10 8Z-90o 1.6x10‘5 Z- 90° 2.6x10“5Z-90°" ‘ y
Y CORE 1

ICORE 2 1.6x10~5Z-90° 6.0x10'5Z90° O
N 0 l\ 1 vD O o 5.2x10”8Z-90° 2.6x10'5 Z-90° yv CORE 2

‘CORE 3 = - 5.2x10~8 Z-90° 1.6x10_5Z-90° 6.0x10'5Z90° 1.6x10“5Z-90° 2.6x10-5Z-90° y
YCORE 3

' CORE 4 1.6xl0~3Z-90° 5.2x10_8Z-90° 1.6x10'5 Z-90° 6.0x10“5Z90° 2.6x10“5Z-90° V
¥CORE 4

ISHEATH _

i---
-

K
)

O
n O K l V
O o 0 2.6x10 5Z-90° 2.6x10’5Z-90° 2.6x10‘5Z-90° 3.4x10“5Z90° _ yLK SHEATH

(6-14)

where VcoREn and IcoREn are the longitudinal voltages and currents on core n. Similarly, 

Vsheath and Isheath are the voltage and current through the cable sheath.

From these matrices, we can conclude that the self resistance, inductance and susceptance 

of each conductor are approximately 0.1 lQ/m, 1.9pH/m and 95pF/m, respectively.

Figures 6-19 to 6-21 show the frequency dependence of these three parameters over a range 

of frequencies. It is noted from Figures 6-20 and 6-21 that the self capacitance and 

inductance of each conductor does not vary greatly with frequency. However, the effective 

resistance of the conductors and sheath does increase significantly due to the skin effect, as 

shown below.
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Figure 6-18. Calculated resistance at various frequencies
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Figure 6-19. Calculated inductance at various frequencies
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Figure 6-20. Calculated capacitance at various frequencies

Sheath
Conductor

Figure 6-21 shows the equivalent model employed to calculate the driving point impedance 

of this cable when terminated with a short circuit.

Figure 6-21. The application of a terminating short circuit

The resonant frequencies shown in Figure 6-22 are generated due to the finite length of this 

underground cable.
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Figure 6-22. Driving point impedance of the secondary cabling

The Current Transformer Burden

The protection secondary circuits can incorporate a variety of protection and fault recording 

loads. Digital protection relays can present a very low burden to the current transformer. 

However electromechanical relays with higher impedance are installed at the Sydney West 

330kV substation in conjunction with the travelling wave recorders.

Based on the test reports for these individual relays, the combined effect of the distance, 

overcurrent and directional earth fault relays in this situation is 2.0 ohms per phase at 50Hz, 

with an inductive load angle of approximately 8°. The components of this burden are 

shown in Table 6-4. For comparison, similar values are presented in [99].

Table 6-4. Loads applied to the line protection core

Protection Impedance
Distance Relay 1.50 Q
Directional Earth Fault Relay 0.025 Q
Instantaneous Overcurrent Relay 0.024 Q

The frequency dependence of these loads cannot easily be determined without direct 

measurement. However, it is assumed that the skin effect is not as significant due to the 

discrete components used within the relays.
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Figure 6-23 shows the application of a relay burden, and Figure 6-24 shows the driving 

point impedance of the cable and the combined relay burden. In this scenario, a new 

resonant peak is created by the effects of the cable capacitance and inductive relay burden.

Relay
Panel

/(/.**) /(/> +120) /(/.*-120) -

Figure 6-23. The application of a relay burden

A Phase
B Phase 
C Phase

00 100

™ 80

100
Frequency (kHz)

Figure 6-24. Driving point impedance of the secondary cabling and the frequency independent
relay burden

The frequency response can be greatly influenced by inductance in the secondary circuit. 

Older electromechanical disk type protection relays strongly contribute to this inductance. 

ITowever, these have been superseded by transistor and microprocessor based digital relays 

in recent years, which have a lower internal inductance.

6.6 The Interposing CT and the Travelling Wave Recorder

The Hathaway travelling wave recorders used at the Sydney West substation monitor the 

currents in the protection secondary circuits using 1000:1 inductive couplers. Each of these
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transducers included two small air gaps in the magnetic circuit. The effect of this gap can 

vary depending on the input impedance of the recording devices.

-a
13 

3

10mm

h------------------------- H
51mm

Figure 6-25. The Hathaway interposing current transformer

When the associated recorder measures voltage across a high impedance burden, these 

transformers are often called transactors or quadrature current transformers. The overall 

effect is similar to that of a Rogowski-Chattock coil, except that most of the magnetic 

circuit is composed of a high permeability material.

Figure 6-26. Magnetic flux generated within the interposing transformer

The flux and primary current are related by the reluctance through the magnetic circuit, 

where F is the magneto-motive force, or ampere-turns NI, and R the reluctance given by 

R=l/juA. The path length of the magnetic circuit is /, and the area of its cross section is A.
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The constant /d is the permeability of the material in the magnetic circuit; otherwise given 

by the relative permeability jur-/u!ho, where /do is the permeability of free space (47ixl0‘7 
Wb A'1 m'1). The relative permeability is unity for the air gap and often 500-2000 for iron 

cores.

According to Ampere’s law:

(6-15) 

(6-16)

jH.dl = NI1

we have
//| /j + H2 12 — 11

where Hi is the field in the core, H2 the field in the gap, // the length of the core and I2 the 

length of the gap.

The flux density B can then be determined from:

BL BL
--------- h---- — = /,
Mo Mr Bo Mr

or B = Mo A
{l2 + /] / Mr )

Incorporating Gauss’ law, where A is the cross sectional area of the core:

(j* B.dA = (f>

B.A = (f)

MqI\A

or

Therefore,

0 =
{l2 l\ / Mr )

The resulting flux linkage is now given by:

or
A = N(/>

Nmq I\ a
(l2 + /] / [d ft )

(6-17)

(6-18)

(6-19)

(6-20)

(6-21)

(6-22)

(6-23)

Page 211



Simulating the performance of substation transducers

Hence, the induced voltage in the secondary is given by the negative derivative of the flux 

linkage. Consequently, assuming that the primary current is a sinusoid of varying 

frequency, the output response can be given by.

/, = Ip cos(cot + (f)) (6-24)
and

Nil. A
v2 ~ 77----—----- - IPcosm(cDt + </>) (6-25)

(/2 + /1 / Mr )

Thus, the voltage appearing across the secondary coil is dependent on the primary current, 

the number of turns and the frequency. This high pass filtering action can be compensated 

by an amplifier with an inverse gain / frequency characteristic within the linear range of the 

transformer.

The specifications for these particular Hathaway transducers include a saturation knee-point 

of lOOmV. Consequently, the output voltage increases with increasing input frequency until 

the secondary voltage is limited to the knee point voltage.

Laboratory studies [20, 21] have shown that the transfer impedance H(s) of the coupling 

transformers is a band-pass characteristic,

H(s) =
K

(1 - <x?)(l - bs)
(6-26)

where K depends on the current transformer turns ratio and the gain settings of the recorder 

input buffer, 5 is the complex frequency (jco), while a and b are real parameters which 

describe the pole locations.

Since the saturation characteristic of the transformer was not provided by the manufacturer, 

laboratory measurements were taken using lkQ and lOkQ loads with a 10mA primary 

current. The general experimental setup is shown in Figure 6-27, where the aim was to 

measure the frequency dependence of the secondary voltage at a variety of frequencies.
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Digital Oscilloscope

Load Resistance

Function Generator

Protection
Secondary

Split-Core CT

Figure 6-27. Experimental setup to determine the frequency response of the interposing CT

Figure 6-28 presents the frequency response of these transducers when applied to the lkQ 

resistive burden of the travelling wave recorders. As shown below, higher input impedances 

also result in higher cut-off frequencies and secondary voltages, and may even produce 

under-damped responses.

Figure 6-28. Frequency response of the interposing current transformer

Equation (6-25) illustrates this phenomenon as more current is drawn by the lkQ than the 

lOkQ load. Multiplying this current by the frequency reveals that lower resistances result in 

lower knee point frequencies.
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The Hathaway travelling wave recorders have an input impedance of lkQ, as shown in 

Figure 6-29 [21]. The split core interposing CT has little effect on the observed pulses as 

the transformer is saturated for the main spectral components. This gives an equal gain to 

all frequencies in this range.

Current
Transformer

10- 100m

Transient
Recorder

Figure 6-29. The configuration of the Hathaway CT measurement scheme [21]

The travelling wave recorder quantifies the voltage across the coupling transducer by an 

analogue to digital converter (ADC) used in the data recording hardware. This is an 8-bit 

ADC which has a zero or ground level reference value of 128.

Nevertheless, there remains a need to correlate the magnitude of current in the protection 

secondary circuits to the quantised magnitudes observed by the travelling wave recorder. 

This has been achieved experimentally by connecting a digital oscilloscope to the 

secondary terminals of the interposing split core CT, as shown in Figure 6-30.

Many data samples were recorded using this experimental configuration. Each of these was 

limited to 2.62ms in duration at a frequency of 5 mega samples per second due to data 

storage requirements and limitations within the associated recording software
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Digital Oscilloscope
Travelling Wave 

Recorder

Protection
Secondary

Split-Core CT

Figure 6-30. Experimental setup in the Sydney West 330kV substation control room

Fortunately, a high frequency transient was observed within the Sydney West substation 

within one of these samples. This transient was recorded by both the digital oscilloscope 

and the travelling wave recorder, as shown in Figures 6-32 and 6-33 respectively. However, 

it is noted that the digital oscilloscope has been affected by induced 50Hz noise present in 

the control room while the travelling wave recorder has not.
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Figure 6-31. High frequency transient observed by the digital oscilloscope
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Figure 6-32. High frequency transient observed by the travelling wave recorder

From this data, it was found that each ADC level within the travelling wave recorder was 

equal to 0.78mV, corresponding to a range (0-255) equal to 200mV, that is (±128) 

±100mV. This value agrees well will the analysis earlier in this chapter, which predicted 

that the saturation voltage of the CT is around 140mV. This is a sensible value since the 

ADC range has been originally selected to fit within that saturation characteristic of the 

split-core CT’s.

The corner frequency of these split-core transformers is around 1.5kHz. It is assumed that 

the travelling wave recorder includes an assumed anti-aliasing filter with a bandwidth 

configured to around 300kHz. From this, the following transfer function H(s) can be 

determined:

N V7 3.51x10 °i
H(s) = — = ------------- 2--------------- it

/, s2 +1.89x106i + 1.77x10'°
(6-27)

By applying the bilinear transformation, the rational function has been expressed as a 

recursive formula, given by:

CM = 7987/M - 79811[n - 2] +1.13Q[n -1] - 0.139Q[n - 2] (6-28)

where 1 is the simulated current vector of length n, and Q[n] the quantized vector observed 

by the travelling wave recorder.
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6.7 Equivalent Electrical Model

This correlation between current and observed signal magnitude provides a means of 

determining the surge current, and hence the travelling surge voltage, which is incident on 

the 330kV busbar.

A frequency dependant representation of the current transformer and secondary circuitry 

has been added to the ATP model developed in Chapter 3. This includes the Sydney West 

to Bayswater transmission line, the Sydney West current transformer, the secondary cable 

and the relay burden. This model is documented in Appendix 6.

Figure 6-33 shows the simulated travelling wave transient seen in the current transformer 

secondary circuits at Sydney West for a circuit breaker operation at the Bayswater end of 

this circuit. It also depicts the voltage across the interposing current transformer.
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0
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Figure 6-33. Simulated travelling wave transients for an A phase circuit breaker operation at
Bayswater 330kV substation

The first reflection shown in Figure 6-33 is produced by the transition in surge impedance 

at the Bayswater busbar. Chapter 7 will further address the impact of these discontinuities 

on the unsynchronised fault location algorithm.

t: -0.02 -

cd -0.04 -

3 -0.06 - — Current

— Voltage

o -0.08 -
Travelling wave reflection 

from Bayswater
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Based on this simulated waveform, Figure 6-34 shows the modal signals that would be 

observed by the travelling wave recorder. In this case, each of the phase signals is 

decoupled into the aerial and ground modes, as in (5-9).

IS 100 -

Ground Mode

o -100 -

Time (microseconds)

Figure 6-34. Simulated circuit breaker transient signal for an A phase breaker pole operation.

Compare this to a transient observed by the travelling wave recorder for an actual circuit 

breaker operation at Bayswater, which is shown in Figure 6-35. Here, it is noted that the 

resonant frequency and associated damping are close to the previous simulated waveforms, 

while the signal magnitudes are also relatively close. However, the magnitude of the 

simulated waveform is very dependant on the location on power cycle at which the circuit 

breaker operates.

The main discrepancy remains with the small chopped section at the beginning of the actual 

waveform in Figure 6-35. This is likely to be due to reflections from the busbar and other 

local equipment. The delay in the ground mode signal is also more pronounced in this 

observed data.
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Ground Mode

Time (microseconds)

Figure 6-35. Circuit breaker transient recorded by the travelling wave recorder for an A phase pole
is operation at Bayswater.

6.8 Conclusion

This chapter has considered the filtering effects of commonly used substation transducers 

used in travelling wave fault location installations. A frequency dependent model of the 

transmission line and coupling equipment has been developed which shows a close 

correlation to signals actually observed by the travelling wave fault location schemes.

This technique can enable the engineer or technician to assess the accuracy of the fault 

location technique prior to installation. Moreover, it implies that a secondary circuit should 

be selected which has a very low inductive burden and cable capacitance.

Several techniques are available to improve the limitations associated with these 

conventional substation transducers. This may be achieved through the use of different 

transducers, such as voltage transformers developed from equipment bushings or CT 

dielectric loss angle test points [43]. This capacitive approach is generally not as band 

limiting but suffers greatly from increased installation costs, and the possibility of the shunt 

impedance becoming open circuit.
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7.1 Introduction

Chapter 2 introduced synchronised and unsynchronised travelling wave fault location 

methods. The unsynchronised algorithms identify the location of the fault by observing the 

time delay between successive reflections in the travelling wave signal observed at one 

location. This is similar to the off-line approach of time domain reflectometry, which has 

been used very successfully on de-energized cables and transmission lines with the aid of 

accurate transducers.

Single-ended travelling wave algorithms avoid the costs and complexities associated with 

remote end time synchronization. Nevertheless, there is a corresponding increase in the 

required signal processing as each travelling wave reflection must be identified and then 

related in time to the signal wave front.

Due to the problems with distinguishing between travelling waves reflected from the fault 

and from the remote end of the line, such algorithms have been noted as being too complex 

and erroneous for operations personnel to accurately locate faults [13, 47]. In some 

situations, it may also be difficult to identify the true wave front of the recorded signal as 

the transient can become lost in the disturbances created by a previous event.

As a result, many implementations incorporate other technologies. For instance, the single 

ended, unsynchronised algorithm has been combined with a one-terminal impedance based 

fault location algorithm [50, 37]. However, many other single ended implementations still 

require the operator to manually identify the forefront of the initial transient.

The approaches adopted in [53] and [42] are indicative of the signal processing methods 

that have recently been proposed. Here, the travelling wave transients are decoupled into 

their modal components, and are then further decomposed into their wavelet coefficients 

using the discrete wavelet transform (DWT). This gives simulated accuracies better than 3 

miles on a 200 mile circuit.

Abur [13] has also proposed an algorithm for single ended fault location that distinguishes 

between grounded and ungrounded faults from the ground mode signals. These are applied
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to a threshold on the DWT2 vector, which is the squared coefficient obtained from the 

discrete wavelet transform. If the fault is grounded, and the wavelet transform of the ground 

mode signal is small, the fault is in the remote half of the line, and vice versa.

The techniques presented in [13] and [52] also conclude that the travelling wave signals can 

be adequately identified using discrete wavelet analysis with a scale of 1, where the 

resulting coefficients are also squared (DWT"). However, the combined effect of the 

sampling rate, the poor frequency response of many substation transducers, and the 

variation in reflection patterns appear to give erroneous results when applying these 

techniques to field, rather than simulated data.

This chapter presents an alternate wavelet approach that provides a reliable fault location 

estimate under these conditions based on travelling wave observations made since 1999.

7.2 Transducer Selection and Frequency Response

On-line travelling wave fault location techniques require transducers capable of 

withstanding power system voltages. High voltage transducers with a large dynamic range 

are available for these applications, such as optical current transducers and Rogowski- 

Chattock coils. However, the additional installation costs and the requirement to take high 

voltage equipment out of service during installation is a great limitation in their use. The 

overall commissioning costs are the most significant factor, as travelling wave techniques 

must compete with cheaper impedance-based algorithms incorporated in most protection 

relays and fault recorders.

As a result, conventional substation transducers are often the only economic means of 

monitoring the voltage or current transients during normal operation. In most cases this 

means that the travelling wave recorder is connected via split-core inductive couplers to the 

secondary protection circuits from the substation current transformers. However, Chapter 6 
demonstrated that the transfer function response of this secondary cabling can be calculated 

using transient simulations.

Consistent with this thesis, the analysis considered below is based on the observations from 

the Sydney West to Bayswater 330kV double circuit line. The travelling wave system
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installed on this circuit is specifically designed for use with a synchronized algorithm. For 

this reason, the recorders include a common GPS time base with a lps resolution [62].

Figure 7-1 shows the correlation between scale and pseudo-frequency for the ‘sym2’ 

wavelet function where the sampling rate is 1.25MHz. Similarly, the frequency response of 

the aerial mode currents in this installation is shown in Figure 7-2. Here, the current in the 

substation secondary circuit has been calculated relative to the current surge in the 

overhead line (refer to Figure 5-46 in Section 5.4.2.4).

The response shown in Figure 7-2 is highly dependant on the length and type of secondary 

cabling, the current transformer parameters and the resistance and inductance of the relay 

burden. It is noted that since the travelling wave recorder samples at a frequency of 

1.25MHz, the current transformer and secondary circuit clearly impacts the higher 

frequency components and the corresponding smaller wavelet scales.

TTTTXXTT

Figure 7-1. Calculated pseudo-frequency at various scales for the sym2 wavelet with a sampling
rate of 1.25MHz
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Figure 7-2. Frequency response of current transformer, secondary cabling and relay burden 
compared to various CWT scales and DWT levels

7.3 The Unsynchronised Travelling Wave Fault Location Algorithm

Single ended travelling wave algorithms have primarily been implemented by recording the 

time difference between successive reflections observed at one end of the line. In this 

situation, the fault location can be calculated using (2-136), while Tl is the line reflection 

travel time calculated by:

Tl=— (7-1)
v

where / is the line length and v the average velocity of the aerial modes.

This technique has shown a high level of accuracy in simulation. However, as shown in 

Figure 7-2, several limitations exist when applied to the data obtained from conventional 

transducers.

7.3.1 Discrete and Continuous Wavelet Applications

Single ended wavelet calculations performed on observed data indicate that the 

performance of the DWT technique degrades dramatically due to this filtering associated 

with the substation transducers and secondary cabling.
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The coupling between the modes in the secondary cabling of the substation current 

transformers can result in apparent ground mode oscillations, whether the fault was 

grounded or not. Similarly, the resonant nature of the secondary cabling can produce 

several decaying peaks in the DWT vector where only one reflection previously existed. 

Moreover, the DWT has poor noise rejection when applied to digitised data with significant 

quantisation errors.

Figures 7-3 to 7-6 compare the DWT and CWT techniques for an observed fault 71.6km 

from the travelling wave recorder at Sydney West. This is compared to a simulation of an 

identical fault on this particular circuit using the ATP model developed in Chapter 3. In this 

simulation, a time step of 8xl0"7 seconds (1.25MHz) was used and ideal coupling 

transducers were assumed.

Modal Signal

Level 1

Level 2

Level 3

Level 4

0.5 - Level 5

_3
Time (10 seconds)

Figure 7-3. DWT coefficients for a simulated incipient fault at 71.6km
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Figure 7-4. DWT coefficients for an observed incipient fault at 71,6km
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Figure 7-5. CWT coefficients for the simulated incipient fault at 71.6km
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Figure 7-6. CWT coefficients for the observed incipient fault at 71,6km

As shown in Figures 7-3 and 7-5, both the DWT and CWT algorithms appear to have a 

high degree of accuracy when applied to the simulated waveforms. However, the observed 

travelling wave signals are less recognizable in the scale 1 and scale 2 DWT vectors due to 

the filtering imposed by the secondary cabling.

A similar loss of resolution at high frequencies is seen in the CWT calculations, although 

the CWT technique appears to maintain a good resolution when using a large scale for the 

correlation. Consequently, it appears that the DWT cannot be adequately applied to a noisy, 

filtered signal. Therefore, this technique is not suitable for travelling wave installations 

which use conventional substation current transformers.

7.3.2 Simulated Solid and Incipient Faults

One of the difficulties with single ended techniques is in distinguishing between faults on 

the near and remote half of the transmission line. This is particularly relevant for high 

impedance faults that can create reflection patterns similar to both a solid and incipient 

fault.
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Figure 7-7 shows the general reflection patterns which would be observed at each line 

terminal for a solid and an incipient fault at the same location. These stylised waveforms 

are quite distinguishable. Incipient faults are discharges that are short in duration, resulting 

in few (if any) reflections from the fault itself, whereas solid faults are characterized by 

long fault durations and strong repetitive reflections from the fault.

Figure 7-7. Lattice diagram for a solid and incipient fault, respectively

However most observed travelling wave transients on long circuits attenuate after a few 

milliseconds, therefore the initial wavefront and first reflection are commonly used when 

determining the fault type. As indicated in the introduction to this chapter, these first two 

transients are usually applied to the continuous wavelet transform, with the resulting 

coefficients being squared.

However, this creates uncertainty in the fault location due to the symmetry in reflection 

patterns around the centre of the circuit. To illustrate this effect, the following diagrams 

combine the CWT2 coefficients from 101 simulated waveforms obtained from the ATP 

model developed in Chapter 3. In this scenario, an A phase to earth fault is applied at 

various locations on the line. The resulting aerial modes with the greatest magnitudes were 

combined into a matrix M, where the selected dimensions of Mare 101x3000. This gives a
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range of simulated fault locations varying between 0% and 100% of the line length, while 

the vector length of 3000 samples corresponds to 2.4ms at a sampling rate of 1.25MHz.

CWT
Coefficients

o
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40
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Distance to fault 80 
(% of line length)
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Time since arrival 
of wavefront (ms)

Distance ho 

to fault

Time since arrival 
of wavefront (ms)

Figure 7-8. Simulated CWT coefficients for an A phase to earth faults on a 100km circuit

The two superimposed reflection patterns shown in Figure 7-8 can be resolved by 

identifying the direction of signal propagation. This information is obtained by considering 

the current and voltage signals observed at the busbar in the modal domain.

The equations shown below use the Karenbauer transformation to obtain the forward and 

backward travelling waves (/},/?) for the individual modes of propagation (0,1,2) [42, 50].

AV(0) (t)
1

1 1 1 "A VA(t)

AV(I) (t) 1 -1 0 avb(0

A V(2){t)
3

1 0 -1 _AVc(t)

"A7(0)(O"
1

” 3

1 1 1 “AIA{t)

A7(1)(/) 1 -1 0 a/5 (0
AI[2){t) 1 0 -1 _Alc{t)_

This then gives the propagation modes that travel away from the fault:
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7f "a Vm(t) "z°" "aI,0)(t)
= A Vm(t) + z1 AJm(t)

af|2)(0 z2 a/(2)(0
77 'af(0,(o" ~z°" ’a/,0)(0"
fi = A vm(t) - z1 AIm(t)
fl af(2i(0 z2 a/(2>(0

Chapter 6 highlighted the difficulty with obtaining a suitable dynamic range for the 

measurement of current transients. Capacitive voltage transformers are predominantly used 

for voltage measurement on high voltage transmission systems. These have a poor transient 

response [39] that would introduce further errors when using (7-2) and (7-3).

Consider a simulated solid A phase to earth fault on the Sydney West to Bayswater 330kV 

circuit, shown in Figure 7-9. Similarly, Figure 7-10 shows a simulated incipient lightning 

transient at the same fault location of 56.7km. These diagrams show the simulated phase 

currents over the first few milliseconds following the initiation of each fault. Again, it is 

noted that the patterns differ in both magnitude and the location of each reflection.
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Figure 7-9. Simulated solid A phase to earth fault at 56.7km on a 188.5km line
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Figure 7-10. Simulated incipient lightning strike at 56.7km on a 188.5km line

Since the CWT algorithm appears to provide a consistent and reliable analysis of observed 

travelling wave transients at a large scale, the CWT" vectors for these simulated incipient 

and solid faults have been shown in Figures 7-11 and 7-12. From these, it is again clear that 

the conventional unsynchronised travelling wave algorithm will give an erroneous location 

estimate for the incipient fault.

O

Time (10 seconds)

Figure 7-11. CWT2 for a simulated solid fault at 56km
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Figure 7-12. CWT2 for a simulated incipient fault at 56km

However, the polarity of the CWT pulse has not previously been considered within 

unsynchronised travelling wave applications. This is actually a valuable key to identifying 

the nature of the fault, and consequently the true fault location. As a result, the CWT2
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vector is now proposed to distinguish between solid and incipient faults by considering the 

polarity of the reflections that occur within the line travel time 72.

CWTlA =CWTx\CWT\ (7-4)

Figures 7-9 and 7-10 have shown the waveforms for two simulated solid and incipient 

faults. The location of each fault has subsequently been varied along the length of the 

Sydney West to Bayswater circuit and the resulting CWT coefficients calculated. These are 

shown in Figure 7-13, which shows the distribution in reflection patterns for each type of 

fault. Here, the red colour reflects a positive coefficient while the negative coefficients are 

blue.

CWT
Coefficients

Distance to fault 75 Time since arrival 
of wavefront (ms)(% of line length)

Transient distribution for incipient faults

CWT
Coefficients

Distance to fault 
(% of line length)

Time since arrival 
of wavefront (ms)

Transient distribution for solid faults

Figure 7-13. CWT|2i Reflection distributions for simulated incipient and solid faults

Due to the transient reflection coefficient at the busbars and the fault itself, solid faults 

characteristically produce ‘pulses’ of the same polarity within the CWT" decomposition, 

which are equally spaced from the initial wave front. However, the incipient fault has 

opposing polarities and no symmetry within the time 72.

Figures 7-14 and 7-15 show the CWT2 vectors for a simulated solid and incipient fault at 

56km. The fault currents were obtained from the previous ATP simulation of the 330kV 

double circuit line, sampled at 1.25MHz. Following a modal decomposition, the aerial 

mode with the greatest magnitude was used to calculate the CWT12 at a scale of 45. It is 

also noted that in the following diagrams, 72 corresponds to approximately 1.3ms.
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Figure 7-14. CWTi2! for a simulated solid fault at 56km
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Figure 7-15. CWT|2; for a simulated incipient fault at 56km

7.3.3 Observed Solid and Incipient Faults on the TransGrid Network

The travelling wave recorders on the Sydney West to Bayswater circuit have observed a 

considerable number of faults since 1999. In each case, the location of these faults has been 

identified from the double-ended GPS based analysis or from line inspections performed by 

line inspection staff. Interestingly, most of the observed faults are incipient discharges on 

the line where the duration is short enough to prevent the operation of the line distance 

protection schemes.

Each of the events observed by the travelling wave fault recorders between October 2000 

and December 2004 has been cross-referenced against the TransGrid line outage records. 

Those faults which resulted in a line protection operation have been classified as solid.

Figures 7-16 and 7-17 show the transients recorded by the travelling wave recorders for a 

solid and incipient fault on the Sydney West to Bayswater circuit. Both of these events 

were observed in December 2001. As expected, these differ in both signal magnitude and 

reflection patterns. From these patterns, the solid fault was identified at 49km and the 

incipient fault was located 72km from the Sydney West substation. Note that each of the 

following diagrams show the currents in the A, B and C phases, which are shown as red, 

green and blue, respectively.
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Figure 7-16. Observed solid fault at 49km on the Sydney West to Bayswater circuit

Time (ms)

Figure 7-17. Observed incipient fault at 72km on the Sydney West to Bayswater circuit

Applying a modal decomposition and calculating the CWT2 vector reveals that the polarity 

conventions for solid and incipient faults are consistent with the previous observations. 

These CWT2 vectors are shown in Figures 7-18 and 7-19. From these diagrams it is clear 

that a conventional unsynchronised algorithm using the DWT" or CWT“ vector would give 

an erroneous fault location for the incipient fault.
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Figure 7-19. CWT121 for an observed incipient fault at 72km

Again, it is noted that the solid fault produces pulses of the same polarity, which are equally 

spaced from the initial wavefront. The reflection from the remote busbar is also almost 

indiscernible due to the low impedance of the fault. Conversely, the incipient fault has 

opposing polarities and no symmetry within the time taken for the initial wavefront to 

reflect from the remote busbar TL.

7.3.4 The proposed algorithm

To accurately determine the fault location from a recorded single ended transient, a wavelet 

scale should be selected based on the filtering characteristics of the coupling transducer. 

According to the transducers and sampling frequency associated with the TransGrid 

travelling wave system, a scale of at least 20 should be chosen.

The CWT coefficient vector is then calculated from the predominant aerial mode using this 

scaling factor. From this same aerial mode, the CWT2 and the CWT121 coefficient vectors 

are calculated at the selected scale.

The initial transient and the first reflection are identified from a threshold applied to the 

CWT“ vector. However, the polarity of the first reflection should be compared to the initial 

wavefront based on the coefficients in the CWT121 vector.
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Should the polarity of each transient differ, the location m can be calculated from:

m = l — AT x — (7-5)
2

Alternatively, the same polarity indicates that the reflection has occurred as a result of a 

solid fault. In this case, the fault location can be determined from:

m - AT x (7-6)

7.3.5 High Impedance Faults

High impedance faults are often caused by contact with vegetation and occur frequently on 

transmission and distribution systems. The reflection patterns observed from these events 

have characteristics that are common to both an incipient and a solid fault. This makes it 

difficult to identify the correct location for faults symmetrically located around 50% of the 

line length.

Figure 7-20 shows the CWT121 vector for a high impedance fault observed in January 2001, 

where the fault was located approximately 64km from the monitored busbar. Here, a scale 

of 45 was used in the wavelet analysis.

_3
Time (10 seconds)

Figure 7-20. High impedance fault located 63.6km from the monitored busbar

The transient identified by A corresponds to the initial wavefront of the travelling wave; B 

is the reflection of the initial pulse A off the fault itself; C is the initial reflection from the 

remote busbar, and D is the first reflection of the initial transient A from the remote busbar. 

Transient D also corresponds to the line travel time Tl.
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The impedance of this fault leads to transient C having a greater magnitude than B. 

Consequently; a location of 126.4km would be obtained if point C were chosen as the 

predominant reflection. However, the correct location of 63.6km is only calculated when 

using reflection B.

The polarity of the CWT121 vector clearly shows the solid component reflected from the 

fault and the incipient component reflected from the busbar. This provides additional 

confirmation that the correct reflection has been selected for the calculation.

7.3.6 Accuracy of the Single Ended Algorithm

As indicated in Section 7.3.4, this process uses wavelet analysis with a relatively large 

scale. Signal processing with these high scales can introduce additional filtering errors. To 

assess the accuracy of the proposed single ended travelling wave algorithm, the travel time 

Tl was measured from the CWT|Z| vectors of 39 incipient faults since 1999. The resultant 

standard deviation in travelling times is approximately 1.2ps, which corresponds to 340m 

at the propagation velocity of the aerial mode. It is interesting to compare this value to 

Table 5-1 in Chapter 5.
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Figure 7-21. Distribution in transient travelling times

Page 237



Unsynchronised travelling wave fault location

Figure 7-22 plots the peaks in the CWT121 vectors in a contour form for each of the faults 

considered above. Here, the position of each fault on the vertical axis is based on the GPS 

synchronised calculations. This diagram is a contour plot of the matrix M, described in 

Section 7.3.2, where the red shades correspond to positive values and blue is negative. In 

this case, the fault location is determined from the relative arrival time of the transient at 

each end of the circuit, as given by (2-139).

It is also noted that the second, or the diagonal portion, of Figure 7-22 appears to vary 

considerably compared to the reflection from the remote busbar Tl. This can be observed 

when the reflection patterns are visually compared with the synchronized fault location. 

Consequently, the unsynchronised algorithm appears to have the potential of increased 

resolution over the synchronized technique. This variation corresponds to the added 

uncertainty imposed by the GPS and hardware timing errors in the synchronised travelling 

wave algorithm [76].

It is also interesting to note that the first 15% of this line is constructed in a developed 

environment while the remainder of the circuit is primarily situated in relatively 

inaccessible terrain. This may partly explain why fewer faults have originated from the first 

section of the circuit.

In a similar manner, Figure 7-23 shows the CWT12’ vectors for the solid faults observed on 

this particular circuit since 1999. Due to the limited number of faults, no additional 

comments on the observed accuracy have been made at this stage. Nevertheless, it is again 

interesting to note the contrasting reflection patterns between the observed solid and 

incipient faults.
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Figure 7-22. CWTw contour peaks for several observed incipient faults
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Figure 7-23. CWT|2‘ contour peaks for several observed solid faults
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7.4 Conclusion

Commercial travelling wave systems are primarily designed for use in a synchronised mode 

of operation. However, due to variations in network configuration or communications 

failures, double ended data is not always available to the network controller. Hence, there is 

often a requirement to determine the fault location using single ended, unsynchronised 

techniques.

Travelling wave fault location systems generally employ conventional substation current 

transformers due to the expense and outage requirements associated with optical current 

transformers or Rogowski-Chattock coils.

Chapter 5 illustrated that the performance of unsynchronized travelling wave fault location 

algorithms can be restricted by the frequency response of these non-ideal substation 

transducers. The resonant nature of the secondary cabling, current transformer and relay 

burden results in a significant observed filtering delay.

A comparison between the discrete and continuous wavelet algorithms on observed data 

demonstrates that the discrete wavelet transform can not be adequately applied to a noisy or 

heavily filtered signal. As a result, the continuous wavelet transform is presented as the 

ideal approach to identifying signal reflections.

Unsynchronized fault location algorithms can further suffer from discrepancies between 

solid and incipient faults. However, clarification can be provided from the signal polarity of 

the continuous wavelet transform.

This chapter has presented a simple and reliable approach to assist with unsynchronised 

travelling wave fault location. This is based on the continuous wavelet transform, at a 

suitably large scale, where the polarity of the resulting coefficients has then been used to 

confirm the true fault location and whether the fault involved an incipient discharge.

The following chapter concludes this thesis by considering the implications of similar 

incipient discharges from a condition monitoring perspective.
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8.1 Introduction

The improved single-ended fault location algorithm presented in Chapter 7 has been 

developed from observations made since 1999. During this time, there have been occasions 

where specifically unusual data has been recorded. One of these was the inter-circuit fault 

described in Chapter 4. However, another major system incident occurred on the 13th 

August 2004 when approximately 1500MW of load was lost following the failure of a 

330kV current transformer. Several investigations were held into the cause of this event, 

although none of these conclusively determined the cause of the failure.

A travelling wave fault recorder monitoring the secondary circuits of this current 

transformer detected a pulse train of high frequency transients for a period of 8 minutes 

prior to the CT explosion. The observations suggested that large internal discharges were 

occurring within the oil impregnated paper insulation. However, this conflicted with other 

on-line condition monitoring data. Moreover, dissolved gas analysis (DGA) measurements 

sampled six days prior to the fault were found to be within acceptable limits suggesting that 

age related insulation degradation mechanisms were not strongly involved.

Monitoring equipment for power system apparatus is often expensive and bulky and 

requires trending data recorded over a long period of time. This usually eliminates their use 

as portable safety devices for substation work crews. Moreover, it is usually a costly 

exercise to install the equipment due to outage and labour requirements.

The potential to forewarn of future failures, based on these observations, led to the 

development of a detector that is designed to monitor transients in current transformer 

secondary circuits in a similar manner to the travelling wave recorders. The primary 

objective of this device is not to provide a calibrated measurement of partial discharge 

activity but to increase the safety of substation personnel.

This has been a particularly important goal for the author of this thesis following an 

incident in Wellington 330kV / 132kV Substation in December 1998. Here, a 330kV circuit 

breaker explosively failed in the switchyard approximately 30 seconds after the working
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party left that particular area for a meal break. Some of the remnants from this explosion 

are shown in Figure 8-1.

Figure 8-1. The Wellington 72 line reactor circuit breaker shortly after the failure in 1998

It was anticipated that this chapter would consist of a large body of work. For this reason 

the author agreed to supervise and work together with Mr Phillip Nichols on this topic 

while completing his undergraduate thesis at the University of Sydney. This chapter 

describes the background, development and testing of a portable, robust and simple device 

designed to be used by substation staff which detects high frequency travelling wave 

transients.

8.1.1 The Failure of a 330kV Current Transformer

On Friday 13th August 2004, a current transformer in bay number 1 at Bayswater power 

station developed an internal fault and exploded at 21:41. This triggered a major system 

incident which involved the loss of five large generating units and one medium capacity 

generating unit in New South Wales [101].

As shown in Figure 8-3, this sudden loss of generation caused the frequency of the power 

system to fall to 48.9 Hz. This was low enough to operate several under-frequency load 

shedding relays which resulted in approximately 1500MW of load being tripped around the 

national electricity network.
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Figure 8-2. Bayswater power station

79.7 -

54.6 J

Time (s)

Figure 8-3. 132kV voltage and frequency observed at Sydney West following the initial fault

The circuit breaker which failed at Bayswater was located in a switch bay that contained 

three 330kV circuit breakers. As shown in Figure 8-4, these connect to one of the 330kV 

transmission lines and a generating unit at Bayswater in a breaker-and-a-half arrangement.
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Figure 8-4. The Bayswater busbar configuration, and the associated switchyard

The current transformer that failed was an A phase unit located adjacent to the coupler 

circuit breaker. The fault on the current transformer was detected by the transmission line 

protection systems, which opened the breakers at either end of the transmission line and 

cleared the fault in 83.5ms. Figure 8-5 shows the phase voltages observed at Regentville 

330kV substation during this event (refer to Appendix 4).

300 kV

------ Red Phase
-----White Phase

Blue Phase

-300 kV L

Figure 8-5. First fault and trip observed by the Regentville fault recorder (21:41:45)

The line protection systems at Bayswater include an auto-reclose facility that closed the 

main bus circuit breaker after 15 seconds. The fault was then re-applied to the transmission
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system, leading to the line protection systems operating for the second time. As shown in 

Figure 8-6, this second fault was cleared in 78.5ms.

Red Phase

—White Phase

------ 3lue Phase

-300 kV L

Figure 8-6. Auto-reclose and trip observed by the Regentville fault recorder (21:41:59)

As a result of this fault, the four Bayswater generating units were tripped on generator 

differential protection whilst exporting a total of 1971 MW. At the same time, the 

generating unit No. 2 at the nearby Eraring power station began an automatic shutdown 

sequence from 424 MW due to a faulty transistor in the timer circuit of the negative phase 

sequence protection relay. To make matters worse, a Vales Point generating unit tripped 

due to a faulty element in its excitation system [102], The combined loss of generation also 

caused the nearby Redbank power station to also trip on under-frequency.

Figure 8-7, shows the voltages observed one second later, when the remaining coupler 

circuit breaker reclosed onto the fault at Bayswater. This should have been inhibited by the 

main busbar circuit breaker reclosure, but this control strategy was not effective and led to 

further generation and load loss across the system as the frequency fell.
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300 kv r

Red Phase

White Phase

-------Blue Phase

-300 kV L

Figure 8-7. Second auto reclose observed by the Regentville fault recorder (21:42:01)

Two seconds after this, the fire from the current transformer produced a B to C phase 

flashover on the energised side of the coupler circuit breaker due to smoke and flames. This 

fourth fault is shown in Figure 8-8.

300 kV

-------Red Phase

------ White Phase

------ Blue Phase

V 'J n V
-300 kV L'

Figure 8-8. Phase fault observed by the Regentville fault recorder (21:43:44)
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Since this event, the more sensitive generator current differential protection relays have 

been reset. Similarly, newer relays have been installed where there was poor through-fault 

discrimination [102].

Several investigations were held into the cause of this fault, although none of these 

conclusively determined the cause of the failure. The transformer which failed at Bayswater 

was manufactured in the early 1980’s and was a conventional paper/oil insulated hairpin 

design, similar to that shown in Figure 6-7. It showed strong evidence of a fault low in the 

tank with the bottom of the tank and support rails deformed downwards.

Further verification of this exists in the dissolved gas analysis (DGA) measurements of the

oil. These were measured six days prior to the fault and were found to be acceptable, which 

strongly suggests that age related insulation degradation mechanisms were not involved. It 

is much more likely are mechanisms such as a damaging switching transient or something 

related to the preceding oil sampling procedure.

However, an open circuit of the condenser bushing foil test lead is also considered a 

possible cause of the fault. For instance, several instrument transformer bushings were 

tested during the 1980’s [90]. A sample number of these were found to have a partial 

discharge level of lOOpC at service voltage. A program was then instituted to examine 250 

bushings within a power station switchyard. Of these, a total of 11 bushings failed. 

Subsequent examination identified defects in the shape and position of the earthed screen 

and associated test leads.

There have been three similar 330kV CT’s that have failed within the Bayswater 

switchyard in recent years. In response to these incidents, several condition monitoring 

systems have been trialled at Bayswater. These are briefly considered in the Section 8.2.

8.1.2 Condition Monitoring Systems

Some of the common electrical diagnostic tests for instrument current transformers include 

the measurement of the insulation resistance, dielectric dispersion factor, dielectric 

dissipation factor (DDF), partial discharge (PD), radio influence voltage, polarisation and 

depolarisation currents, and high voltage withstand and impulse tests [90,103,104,105].
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Chemical testing techniques include measurements of the moisture content, oil acidity, 

dissolved gas analysis, liquid chromatography, and the degree of polymerisation [104,106].

Physical testing methods are also often used. These include general physical inspections, 

thermal imaging, gas pressure readings, and measurements of acoustic emissions 

[104,107,108],

All of these processes can be easily applied to equipment that is out of service. Flowever, 

continuous on-line techniques are preferable as they can provide data trending and short

term information relating to an impending failure.

The DDF is the most frequently used on-line monitoring technique for power or instrument 

transformer bushings. Measurements are possible where the bushing contains a condenser 

bushing foil test terminal, across which a capacitive ‘caplink’ transducer can be installed 

[109, 110]. This transducer, combined with a reference signal, creates a voltage divider 

circuit, allowing a measurement of the phase angle information of the impregnated 

insulation [104].

Figure 8-9 shows a transducer which has been installed on a bushing foil test terminal. 

DDF measurements taken these transducers can assist to identify insulation faults, such as 

that also shown below.

Figure 8-9. 220kV bushing with a ‘caplink’ installed, and the insulation from a failed 400kV
bushing [110]

Online DGA measurements have been taken in some high-risk situations in the USA, while 

one manufacturer of CT’s has developed an integral leakage current monitor and gas 

pressure alarm [103].
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On-line PD testing techniques have been presented in references [104,109,111]. Here, a 

remotely operated capacitive probe can be raised to contact a conductor adjacent to the 

current transformer under test. Inputs from a discharge sensitive transducer within the 

probe and from a special clip-on transducer placed around the grounding link of the CT are 

fed into a special detector.

Several investigations have been performed on samples of insulation with artificial defects 

[112]. These tests have shown that the PD characteristics are varied by the size, shape, and 

location of the defects and by the thickness and type of insulation layer. The time at which 

the test voltage is applied and interrupted also affects the response, along with changes in 

the temperature of the sample.

Sensitive acoustic emission transducers can also be used to detect the ultrasonic component 

of partial discharge signals. The observed signals are analysed according to their signal 

shape and correlations are made between signals from individual transducers [107].

8.2 On-Line Techniques Used At Bayswater

8.2.1 Radio Based Systems

During a current transformer failure in the mid 1990’s, a security officer patrolling one of 

TransGrids 330kV switch-yards reported that in the minutes leading up to the failure, a 

large amount of noise was heard superimposed on the AM radio station he was listening to.

In response, TransGrid developed a prototype CT condition monitoring system in 1999 to 

log radio noise level and ambient temperature in a switchyard over time, similar to the 

technique presented in [90]. The use of these radio techniques is further described in 

reference [113].

Generally, these measuring devices record radio frequency voltages within the frequency 

band of 150kHz to 30MHz. In this case, a radio was tuned to around 530kHz and placed 

within a few metres of several suspect CT’s and an alarm generated if the radio noise 

became excessive. As shown in Figure 8-10, this alarm threshold was inversely dependant 

on the temperature in order to compensate for the effects of solar radiation.

Page 250



Forewarning of catastrophic insulation faults

A radio frequency of 3.9MHz was also considered for this application. However, this was 

later disregarded due to the increased ionospheric effects.
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Figure 8-10. Radio based condition monitoring data recorded at Kemps Creek on the 9/6/1999

Several tests were conducted by TransGrid on a current transformer which had the bushing 

test terminals left open circuit, creating a spark gap capable of simulating various CT 

partial discharge levels. It was concluded from this experiment that this particular radio- 

based technique could not detect partial discharges above the ambient switchyard noise 

unless the discharge was in excess of 4000pC.

9000 -i

- 100

60 70
Test Voltage (KV)

CT Discharge Level (pC) 
CT Monitor Reading (mV)

Figure 8-11. Results of a sensitivity test conducted at the TransGrid line training school
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8.2.2 DDF and Insulation Resistance

The Dielectric Dissipation Factor (DDF), otherwise known as the Dielectric Loss Angle 

(DLA), is one of the oldest methods to determine the insulation quality. This technique can 

use a variety of configurations to find the loss angle or loss tangent associated with the 

insulation. These measurements are given in milli-radians (mRad), with typical values in 

the range of 2-15 mRad.

Several systems have been developed which measure this parameter directly and indirectly. 

These techniques include active and passive bridge circuits, as well as frequency domain 

methods utilizing the fast Fourier transformation. Each system has experienced problems 

with harmonic current contamination, quantisation errors, or inaccuracies when partial 

discharges are present. However, trending of the measurements has proven to be a 

reasonably accurate indication of insulation quality.

An on-line DDF monitor was also commissioned at Bayswater in 1997. This system 

measured the insulation leakage current and absolute DDF measurements using the system 

voltage as a reference. The leakage current and DDF parameters are assessed with the aid 

of capacitive transducers that are fitted between the bushing tap of the CT and earth. One of 

these transducers is shown in Figure 8-12.

This system, while primarily introduced to monitor suspect current transformers, also has 

the capability to monitor other paper / foil insulated current transformers and transformer 

bushings.

The DDF test terminals are not an ideal measurement point as introducing a shunt 

transducer can pose an additional risk to the high voltage equipment. Any inductance in the 

transducer can introduce large variations in the voltages across each of the grading foils in 

the insulation during system transients. There is also the risk that these transducers will 

become open circuit, inducing a catastrophic insulation fault. Moreover, these systems 

require the equipment to be taken out of service during the installation.
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Figure 8-12. Capacitive transducer placed across the DLA test tap on a current transformer

The data from this system was analysed by staff on a regular basis, which enabled the 

successful detection of a failing CT 1998. In this case, the DDF measurements for this CT 

were seen to be rising over a period of months.

However, in the past, this system has also recorded several clearly unrealistic 

measurements for the DLA of the insulation. As shown in Figure 8-13, DDF values have 

been observed to vary between 2mRad and more than lOOmRad within a 24 hour period. It 

is assumed that noise and spurious transients have been the main cause of these variations 

[100, 114].
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Figure 8-13. DLA and leakage current measurements recorded on the 15th November 2003
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This system was installed on the CT that failed in August 2004. However, in this instance 

the insulation monitor showed a decrease in leakage current prior to the failure (refer to 

Figure 8-14). Interestingly, several other healthy CTs at Bayswater showed a similar 

reduction in the leakage current, as shown in Figures 8-15 and 8-16.

- Red Phase LC

- White Phase LC

-------Blue Phase LC

System Time

Figure 8-14. Leakage currents within the line 34 (Liddell) bus coupler CT

Red Fhase LC

White Phase LC

Blue Fhase LC

System Tme

Figure 8-15. Leakage currents within the line 31 (Regentville) bus coupler CT
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Figure 8-16. Leakage currents within the line 32 (Sydney West) bus coupler CT

Unfortunately, the DDF measurements were not being recorded prior to the fault on the 13lh 

August 2004. The erosion of the major insulation within the CT could have reduced the 

observed leakage current. However, such degradation within the bushing should not have 

affected any of the other CT’s within the switchyard.

8.3 Observed High Frequency Transients

Bayswater substation is also one of the locations where a digital travelling wave fault 

locator has been installed (refer to Appendix 4). At Bayswater, the travelling wave recorder 

monitors the high frequency current transients arriving on each of the lines shown in Figure 

8-17, while sampling at 1.25MHz. In each case, the inductive coupler is installed in the 

control room on the summated line protection secondary cabling shown by the summations 

A, B, C and D.
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Line 34 Line 33 Line 32 Line 31

Unit 1 Unit 2 Unit 3 Unit 4

Figure 8-17. General layout of the Bayswater switchyard showing the summated current 
transformer circuits used by the travelling wave recorder

8.3.1 Observed Travelling Wave Signals

The sequence of events behind the failure of the Bayswater current transformer was 

described in Section 8.1.1. Here, the voltage on each phase observed at Regentville 330kV 

substation was shown for each event in Figures 8-5 to 8-8. However, now consider the high 

frequency data recorded by the travelling wave hardware.

The initial CT failure and the ensuing A phase to earth fault is shown in Figure 8-18. Here, 

the travelling wave reflections from the remote Sydney West busbar can be observed 

repeating every 1.28ms after the initial transient. This corresponds to the line reflection 

travel time defined in (7-1).

Note that the phase discrimination is impaired in the signals shown in Figure 8-18 due to 

the coupling between the individual phases of the secondary cabling. The waveform is also 

affected by the filtering imposed by the interaction between the cable capacitance and the 

inductance of the relay burden.
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Figure 8-18. The initial CT failure resulting in an A phase to earth fault

Similarly, Figure 8-19 shows the current transient recorded during the subsequent close 

operation of the line circuit breaker. Here, the C and B phase poles of the circuit breaker 

close before the A phase pole. The A phase fault is then re-applied approximately 3.7ms 

after the first pole to close.

A Phase Current (offset)

B Phase Current

r -32

-64 - C Phase Current (offset)

-96 -

Time (ms)

Figure 8-19. The reclose operation of the line breaker poles, and the resulting A phase to earth
fault

The second auto-reclose operation is shown in Figure 8-20. Here, it is again noted that the 

reflection pattern is consistent with the length of the high voltage conductors between 

Sydney West and Bayswater.
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Figure 8-20. The reclose operation of the coupler circuit breaker poles, and the A phase to earth
fault

The explosive failure of the current transformer initiated a fire within the line bay. It is 

assumed that a flashover from this fire reached the energised conductors on the generator 

busbar side of the coupler breaker and initiated the B to C phase fault, shown previously in 

Figure 8-8. Similarly, Figure 8-21 shows the travelling wave data observed during the same 

event.
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Figure 8-21. The resulting B to C phase fault

8.4 Partial Discharge Detection

The Bayswater travelling wave recorder is configured to trigger for transients based on a 

threshold in the signal magnitude. Interestingly, thousands of these high frequency
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transients were detected throughout the eight minutes prior to the initial fault. Upon closer 

inspection, these high frequency discharges do not appear to originate from the high voltage 

network due to the lack of recognisable travelling wave reflections. In this situation, these 

would normally be observed repeating every 1.28ms after the initial transient.

Moreover, the similarity between the spectra of the fault and discharge signals corroborates 

the hypothesis that these signals have originated close to the current transformer itself. This 

leads to the assumption that these discharges occurred within the current transformer 

insulation itself.

Figure 8-22 shows one of the data waveforms recorded by the Hathaway travelling wave 

recorders. This diagram also shows a close up view of a high frequency transient, which 

was observed approximately six minutes prior to the failure. Again, the coupling within the 

secondary cabling results in the signal being present in all phases.

---A Phase
...... B Phase
— C Phase

Time (ms)

Figure 8-22. High frequency signals recorded prior to the failure

Figure 8-23 compares the spectral density of this particular transient with the initial A phase 

to earth fault shown in Figure 8-18. As shown below, the magnitude of the two spectra is 

defined with an arbitrary magnitude coefficient. This has been used as the data used in the
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Fourier analysis was described in terms of the analogue to digital converter level, not the 

corresponding voltage across the interposing transducer.

1800 -

t0.8

Frequency (Hz) x 1C)5Frequency (Hz) x 105

Disharge spectra
Figure 8-23. Signal spectra observed at Bayswater during the CT failure and for a prior fault

The similarity in these spectral densities verifies that the observed discharges have 

originated from within the current transformer. Hence, for 8 minutes prior to the explosion, 

large partial discharges were being detected by the travelling wave system. It is also of 

interest to note that the relative magnitude and frequency of occurrence for each discharge 

increased over time, up until the eventual failure of the CT.

8.4.1 Partial Discharges

Reference [90] provides some interesting case studies on failed instrument transformers. In 

particular, a defective 275kV oil/paper insulated hair pin current transformer was identified 

from several on-line tests. A subsequent analysis of the insulation revealed a 20mm 

diameter cavity that had burnt between foils 3 and 6 within the insulation structure. 

Therefore it has been shown that significant damage can occur without the immediate 

failure of the current transformer. The role of PD in insulation deterioration is described in 

detail in reference [115], along with the stages of degeneration.

When testing insulation for partial discharge, the PD can generally be measured using a 

series resistor, or bridge, circuit to reduce any interference if the void in which the 

discharge is occurring is small. Occasionally the PD’s can be observed visually [113].
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However, the construction of high voltage, hair pin type current transformers generally 

prevents the on-line detection of small discharges via electrical measurement due to the 

earthed bushing test lead.

Detection of larger, higher capacitance voids, or where the insulation is solidly bonded to 

ground, can be achieved using a HV coupling capacitor and a tuned circuit that is input to a 

partial discharge detector [112,113,116]. This coupling capacitor is usually similar to the 

caplink shown in Figure 8-12, which is applied across the DDF test terminals.

However, Chapter 5 has demonstrated that a tuned circuit is also created by the capacitance 

of the secondary cabling interacting with the inductance of the CT and burden. The only 

difference with this configuration is that the bandwidth of the transfer impedance between 

the discharge current and the voltage observed at the recorder does not meet the 

requirements for a calibrated partial discharge measuring circuit [113].

Partial Discharge measuring devices usually require a coupling transducer that is an active 

or passive four-terminal network element which converts the discharge current into an 

observable voltage. The frequency response of this device, which is defined by the output 

voltage to the input current, is normally chosen to effectively prevent the system voltage 

frequency and its harmonics from reaching the instrument.

Provided that the amplitude frequency spectrum of the partial discharges is constant within 

the bandwidth of the measuring transducer, the response is a voltage pulse with a peak 

value proportional to the charge associated with the discharge current. As expected, the 

shape and duration of this pulse is affected by the transfer impedance of the coupling 

device.

Depending on the bandwidth of this transfer impedance, partial discharge measuring 

instruments are classified as wide-band or narrow-band [113]. The general partial discharge 

testing arrangements for current transformers or high voltage bushings is shown in Figure 

8-24, below.
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Connecting
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DeviceTest

Voltage

Measuring
InstrumentTest

Object

Figure 8-24. Test circuit for measurement across the tap of a bushing [113]

Assuming a large measuring bandwidth, the charge associated with a partial discharge can 

be determined from the integral of the observed current Io(t). The coupling device converts 

this current to a voltage VD(t) in accordance with the effective input resistance Rm. 

Therefore the charge Q can be given by:

Q = ~\VD{t)dt (8-1)

Due to the distortion and attenuation of the high frequency transients within windings or 

cables the magnitude of the apparent charge which is measured at the recording device can 

differ from that at which it originates. This difference is correlated to the band-pass 

characteristics of the measuring system and somewhat to the shape of the original PD pulse. 

Sometimes, it is possible to compensate for these effects by comparing the response of a 

calibration pulse at the PD source and measuring instrument [113].

Partial discharges observed at the terminal of HV equipment can also be affected by 

resonance phenomena and/or by travelling wave reflections at the terminals. This is 

especially important if the instrument has a narrow-band frequency response. Generally, 

this effect can also be compensated through special calibration techniques such as the use 

of double pulse generators [113].
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Figure 8-25 shows an example output voltage signal observed from a narrow-band PD 

measuring device with a bandwidth of 10kHz and a mid frequency of 75kHz. In this case, 

the PD charge can be inferred from the highest magnitude oscillation observed within the 

transient.

Output Voltage

Time t

Figure 8-25. Example PD voltage signal for a narrow-band measuring device with a bandwidth of 
10kHz and a mid-band frequency of 75kHz [113].

It is noted that this representation has a similar overall response to the travelling wave and 

PD signals observed by the travelling wave fault location system at Sydney West 

substation. Moreover, the mid-band filtering characteristics of the coupling equipment are 

close to those observed in Chapter 5.

The only appreciable difference is the lower level of damping shown in the transients in 

Figure 8-25. The increased damping observed with the travelling wave systems is primarily 

due to the resistance of the CT winding and control cabling at these frequencies.

Consequently, the travelling wave fault location system can be considered a narrow-band 

PD measuring device since the bandwidth of the secondary circuitry is generally greater 

than 9kHz and the mid-band frequency is often greater than 50kHz [113]. The response of 

such an instrument to a partial discharge current pulse is a transient oscillation with the 

positive and negative peak values of its envelope proportional to the apparent charge. 

However, the pulse resolution time [113] will be large in this instance, making this 

measuring device mostly suited to identifying the discharges rather than accurately 

indicating their magnitude.
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8.5 Proposed Monitoring Technique

A warning system has now been developed in response to the observed high frequency 

discharges observed in current transformer secondary circuits. As with the Hathaway 

travelling wave fault location system, the high frequency signals are measured with an 

interposing current transformer on the CT secondary circuit. Each interposing transducer 

includes a small air gap in the magnetic circuit creating a quadrature current transformer.

A similar approach is given in [111] where clamp-on interposing current transducers are 

placed on the faraday shield earthing connection to measure the PD activity. Similarly, 

reference [117] uses split core current transformers with a band-pass frequency response of 

25kHz to 5MHz. However, these CTs are applied to the earthing bonds of the HV 

equipment to provide a measurement of the transient earth voltage [118].

The implementation proposed in this thesis applies the interposing current transducer 

voltage to a low pass filter with a corner frequency set to approximately 150kHz. A micro

controller with an internal analogue to digital converter is used to process this data.

An alarm is raised if a pulse train with a duration exceeding a time threshold T2 is detected 

on the secondary circuit. This time threshold T2 is also reset if the time between discharges 

is greater than an arbitrary time delay Tj.

Tj

Figure 8-26. Proposed application of time thresholds T1 and T2
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These thresholds must be selected in order to grade over common substation switching 

transients or transmission line faults. There are a number of events that can give rise to 

transient disturbances that may induce potentials into the secondary circuitry of instrument 

transformers. These include the switching of shunt capacitor banks in parallel, flashover of 

protective gaps due to over-voltages, restriking of circuit breakers, lightning and switching 

a with an air break disconnect switch [119, 81].

Whilst switching capacitor banks in parallel can induce very large transients in the 

secondary circuits, the operation of disconnect switches can result in significant burst 

trains, also called macrobursts. There have been a number of field tests on waveforms 

originating from high voltage circuits, including burst trains [120-123]. As shown in Figure 

8-27, the observed burst repetition rates can range from 100 to 40,000 per second, with 

common burst durations of around 50ms. However, the burst train duration can extend for 

up to 2 seconds for voltages up to 500kV [81], while burst durations can be as large as 10 

seconds for voltages in excess of lOOOkV [124].

Figure 8-27. Typical pulse train observed during disconnect switch operation [120]

8.5.1 Background Electrical Noise

In order to set the required thresholds for the device, background noise levels were 

measured at the Sydney West 330kV substation between February and May 2005 in the
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substation control room. As shown in Figure 8-28, these readings were obtained using a 

digital oscilloscope, which was connected to the secondary winding of an interposing 

transformer connected to the Sydney West to Bayswater secondary circuits. The 

oscilloscope was a Handyscope HS3 model. It is a small device, manufactured by TiePie 

Engineering and uses a local laptop computer for data storage.

The sampling rate of this digital oscilloscope was initially selected at lxlO6 samples per 

second as this was close to the 1.25MHz sampling rate of the travelling wave recorders. 

The maximum record buffer of 130972 samples was also used, giving an overall sample 

window of 13.1ms. After a few weeks of operation, the sample rate was increased to 5xl06 
samples per second, shortening the measurement windows to 2.62ms.

Digital Oscilloscope
Travelling Wave 

Recorder

Protection
Secondary

Split-Core CT

Figure 8-28. The TiePie Handyscope HS3 and the experimental setup

Figure 8-29 shows a typical waveform observed from more than 3000 recorded data files. 

Very short lengths of shielded twisted-pair cabling were used between the split core CT and 

the digital oscilloscope. However, the oscilloscope was not well shielded from localised 

electromagnetic fields, as shown by the large 50Hz component seen in the following 

waveform.
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Figure 8-29. Observed noise using a 1MHz sampling rate and a 13.1ms window

A similar waveform is shown in Figure 8-30. This shows some data recorded after the 

sampling rate was increased to 5MHz.

40 " 

30 -
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0 5 10 15 20 25
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Figure 8-30. Observed noise using a 5MHz sampling rate and a 2.6ms window

Several high frequency transients were observed on the protection secondary circuit during 

this time period. Figures 8-31 and 8-32 are both indicative of the waveforms obtained 

during these events. These two diagrams also show the observed variation in the duration of 

these transient pulses.
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Figure 8-31. A short-duration transient observed on the CT secondary circuit 
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Figure 8-32. A longer duration transient observed on the CT secondary circuit

It was noted that only a single transient pulse was observed in every case. This pulse varied 

slightly in duration and magnitude. However, no pulse trains were observed on the 

secondary circuits during the weeks that measurements were taken at the Sydney West 

330kV substation.

These waveforms confirm the findings from Chapter 6 as the background noise level is 

relatively small and consists mainly of 50Hz and lower harmonic frequencies. Higher
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frequency signals are only present during switching transients, which have a voltage 

magnitude of approximately lOOmV.

8.6 The On-Line Monitor

Figure 8-34 shows the first prototype of a device designed to detect these transients using 

the generic Hathaway split-core CT.

Figure 8-33. Prototype of the on-line monitor

As shown by the circuit diagram in Figure 8-35, two back-to-back 5.1V zener diodes are 

used to limit the voltage signal across a lkQ resistive burden prior to passing through an 

op-amp buffer.

After this buffer, the signal is applied to a 4th order Butterworth filter, which uses two 

CA3140 wide band amplifiers configured in a multiple feedback topology [125]. This 

caters for an independent variation of centre frequency, gain and bandwidth. Based on the 

analysis in Chapters 5 and 6, an underdamped filter with a gain of 80 is used with a 

resonant frequency of 90kHz. This gives an adequate gain to many of the frequencies 

present in the previously observed discharge signals.
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The simulated frequency response of this filter is shown in Figure 8-34, which is based on a 

lOOmV variable frequency source voltage.

8

6

Output 
Voltage 4

2

0
100Hz 1.0kHz 10kHz 100kHz 1MHz

Frequency

Figure 8-34. Simulated frequency response of the filter using a 100mV variable frequency source

After this filter, the signal is then applied to an inverting amplifier with a variable gain. 

This is followed by an ideal rectifying diode circuit, and an envelope detector with a time 

constant of 7ps.

Based on the discharges observed at Bayswater on the 13th August 2004, an alarm is raised 

if the time between discharges (Ti) is greater than 100ps, and the discharges continue for at 

least 3 seconds (72 = 3s).
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Figure 8-35. The schematic of the detection circuit
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An LM393 comparator has been used to assist the microcontroller to measure the time 7). 

As shown in Figure 8-35, the associated lOkQ potentiometer creates a variable input 

threshold, while the 500kf2 potentiometer is used to control hysteresis. During normal 

operation, there will be no transient present and the output of the comparator will be close 

to 5V. Conversely, any high frequency signal will clamp the voltage at the output of the 

comparator to ground.

This comparator is connected to the capture input pin of the Motorola PIC 18F452 

microcontroller. This microcontroller has an internal oscillator which uses a lOMFIz crystal 

with two 33pF ceramic capacitors for stability. This minimum clock frequency was 

required in order to maintain a sufficiently small instruction cycle (100ns).

When the two time thresholds have been satisfied, a single I/O pin of the microcontroller is 

raised to 5V. This then operates a relay that can be easily connected to a substation alarm 

panel or local warning siren. The design of the microcontroller firmware is further detailed 

in [100].

A dual layer printed circuit board was ultimately developed on which the circuit was 

assembled. The dimensions of this board were quite large (150 x 150mm) to allow for any 

required modifications and to reduce any coupling effects between components and the 

conductive tracks. A 190 x 190 x 120mm shielded case was also constructed from a 1.6mm 

medium steel plate. Provision was also made for an earthing stud and three nylon cable 

glands.

8.7 Testing of the CT Monitor

Several verification tests were conducted on each portion of this detection circuit. Once the 

circuit was known to be operating as intended, two main tests were undertaken to assist 

with selecting the required gain thresholds and to verify the overall concept of this 

monitoring device. In the first instance, a simulated discharge signal was analysed in the 

laboratory. The second investigation involved a high voltage test at Connell Wagner’s high 

voltage test laboratory in Newcastle.
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8.7.1 Testing With a Simulated Partial Discharge

A simple circuit has been constructed to simulate the discharge signals observed at 

Bayswater. This simple circuit produces an oscillatory pulse train similar to those observed 

on the 13th August 2004.

6.8nFLM324

LM324

LM324

Figure 8-36. Circuit to simulate the discharge transient observed at Bayswater

The first stage of this circuit includes an op-amp based multivibrator that creates a square 

wave signal of variable frequency. This oscillator is then applied to an inverting amplifier 

with an attenuating gain of -20dB. This buffers the output of the oscillator and limits the 

current through the resonant circuit in order to remain within the component ratings.

Using voltage division, it is relatively simple to show that the transfer function H(s) of the 

resonant circuit can be given by:

H(s) =
RCs

LCs2 + RCs +1
(8-2)

where R is the 150Q resistance, C is the 6.8nF capacitance and L is the ImH inductance. 

These particular circuit parameters have been selected so as to obtain a resonance at 

approximately 60kHz, as would be expected from the filtering imposed by the CT 

secondary circuitry.
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The Laplace transform of the step response gives the voltage across the 150L2 damping 

resistor Vr:

RC
LCs2 +RCs +1

Substituting the values of R, C and L gives:

(8-3)

f
VR(s) = 0.391

v

383482
(s + 75000)2 + 3834822 y

(8-4)

The time domain expression for this voltage can be determined by taking the inverse 

Laplace transform, as given by:

VR (/) = 0.039 e~75000' sin(383482/) * VDC (8-5)

As shown in (8-5), the output test signal is periodic, with a frequency that is determined by 

the 20kQ potentiometer and a signal magnitude that can be adjusted by the inverting buffer 

in the output stage of the circuit.

Voltage (mV)

Time (ms)

Figure 8-37. PSPICE simulation of the test circuit
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Unfortunately, this circuit doesn’t create a perfect replica of the signals observed on the CT 

secondary circuits. The slew-rate of the generic op-amps, stray capacitances and 

inductances produce a slightly different waveform. Figure 8-37 shows the first half-cycle of 

the periodic waveform produced by a complete PSPICE simulation.

This simulation included the small signal models for each of the components used in the 

test circuit. Similarly, Figure 8-38 plots the observed oscillation recorded by a digital 

oscilloscope. This test signal was considered adequate for the purpose of testing the fault

forewarning device despite the slight differences with the waveforms observed at Sydney 

West substation prior to the current transformer failure.

0.2

0 15

> 0 05

0

-0 05
0 0 1 0.2 0.3 0.4 0.5 0 6 0.7 0.8 0.9 1

Time (ms)

Figure 8-38. Observed signal created by the test circuit for an arbitrary signal magnitude and
frequency

This periodic test signal was applied to the input stages of the new fault forewarning 

device. After being filtered and applied to the LM393 comparator, the output voltage was 

clamped to ground whenever the signal envelope exceeds a set threshold.

Figure 8-39 shows three signals which were measured at the input to the LM393 

comparator shown in Figure 8-45. The three curves were created by varying the 500kQ 

potentiometer in the detector circuit to produce op-amp gain settings of 15, 45 and 85
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across the CA3140 op-amp. These gain settings correspond to a feedback resistance of 

15kfl, 45kfi, and 85kl] respectively.

85k Resistance

.— 45k Resistance

15k Resistance

Time (ms)

Figure 8-39. Signals measured at the input to the LM393 comparator

Figure 8-40 shows the output voltage of the LM393 comparator using the thresholds and 

gain settings defined in [100] and a 200mV pulse with a repetition frequency of 1.7kHz. As 

shown below, the circuit performed as expected and latched an alarm, even at this very high 

frequency.

Time (ms)

Figure 8-40. Output voltage from the LM393 comparator with a pulse repetition frequency of 1.7kHz
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8.7.2 High Voltage Testing

A high voltage test was also conducted at Connell Wagner’s laboratory in Newcastle on the 

11th October 2005. The main objective was to verify the concept that partial discharge in 

the insulation of high voltage current transformers will couple to the CT secondary circuits. 

A secondary objective was to demonstrate that the device would work correctly in an 

environment with a large amount of electrical noise.

In this experiment, a breakdown in the primary insulation was simulated within an old 

132kV current transformer obtained from the Armidale 330kV substation on the 6th 

October 2004. The Connell Wagner laboratory staff conducted some initial tests on this 

current transformer on the 10lh October and concluded that the CT was free from partial 

discharge and that the insulation was in good condition.

Figure 8-41 shows the main step-up transformer to the left, the test object in the centre and 

a large capacitive transducer on the right. This capacitive probe has been calibrated to 

measure partial discharges within the test object.
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Figure 8-41. Connell Wagner's high voltage test laboratory
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To induce a small level of discharge in the current transformer an earthing braid was taped 

around the ceramic insulator. This creates a floating potential on the braid that is 

capacitively coupled to the insulation grading capacitance and considerably increases the 

partial discharge activity. It is for similar reasons that current transformers with dirty 

insulators often have higher PD activity.

Figure 8-42. The 132kV current transformer obtained from Armidale 330kV switchyard

Two methods were used to artificially create discharges of a relatively large magnitude in 

the impregnated insulation. In the first instance, the DLA test terminal was opened to create 

a small spark gap in the insulation circuit. Secondly, a high voltage spark gap was 

connected to the primary circuit of the current transformer with the DLA terminals closed.
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In each case, the step-up transformer was used to create the necessary primary test voltage. 

A calibrated capacitive transducer was also connected adjacent to the current transformer 

under test in order to accurately measure the partial discharge. In this installation, the 

step-up transformer was supplied from a dedicated llkV Energy Australia distribution 

feeder, which minimised flicker and other power quality issues.

The current transformer under test included several line protection, busbar protection and 

metering cores. These were respectively represented within current transformer terminal 

box, shown in Figure 8-43, by the symbols C, B and M. Twisted 2.5mm" building wire was 

used to connect one of the line protection cores to a dummy load, while all other terminals 

were shorted using uninsulated nickel plated wire.

Figure 8-43. Connection to the CT secondary terminals
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A dummy load was used to add some impedance to the secondary circuit formed by the 

twisted building wire. This load was simply a lumped parameter equivalent (at 100kHz) of 

the distributed parameter cable model developed in Chapter 6. This circuit also includes a 

10012 resistor in parallel to the lumped capacitance to allow a moderately high impedance 

path for low frequency transverse currents. A suitably terminated 100m length of four-core 

substation cabling was considered for this purpose. However, the restrictions on floor space 

within the laboratory dictated this lumped parameter approach.

PD Detector

0.39mH

275V 22nF

Figure 8-44. A dummy load equivalent of substation secondary cabling, calculated at 100kHz

Figure 8-45. The dummy load used in the experiment
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As shown in Figure 8-45, the Hathaway interposing current transformer was connected 

adjacent to the dummy load in each case. This transformer was attached to both the 

forewarning device and an oscilloscope using a 6m shielded twisted pair cable.

Figure 8-46 shows the set-up of the forewarning device and digital oscilloscope. The 

oscilloscope was also connected across the split-core transformer to monitor the voltage 

being applied to the device. The table shown below was located in the neighbouring room 

and power was sourced from a separate 240V circuit via a 20m extension cable to reduce 

the high frequency coupling effects on the power supply and oscilloscope.

Prior to the experiment, the forewarning device had been configured with a signal 

magnitude threshold of 3.5V and a hysteresis resistance of 4kH at the LM393 comparator.

Figure 8-46. A dummy load equivalent of substation secondary cabling, calculated at 100kHz

A common earth mat was also established throughout the test site. This was bonded to all 

the HV equipment, earthing studs and cable sheathes used in the experiment.
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8.7.2.1 Ambient Signal Measurements

Some initial readings were taken from the digital oscilloscope prior to energising the step 

up transformer. The waveform shown in Figure 8-47 is characteristic of the observed 

background signal.

It is noted from this waveform that there is a considerable amount of background noise. 

However, this does not appear to exceed 80mV in magnitude.

u.Z i i i i i i i i r

0.15 -

-0.15 - -

_0 2____ i____ i____ i____ i____ i____ i____ i_____i____ i____
' 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0 016 0.018 0.02

Time (s)

Figure 8-47. Amplified background noise recorded by the digital oscilloscope

8.7.2.2 Test 1: Open DLA Test Terminal

The first on-line experiment simulated a breakdown of the primary insulation with the aid 

of a small gap between the DTA test points. These DTA terminals are shown in the top 

right of Figure 8-48, where the terminals are shorted by the small link shown. This link was 

opened slightly to create the small spark gap between the outer foil of the bushing 

insulation and the ground.
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Figure 8-48. The DLA test terminal, located on the main tank of the current transformer

The voltage was slowly increased to around 20kV after initially energising the test object at 

4kV. Figure 8-49 shows an example of the signals observed by the digital oscilloscope at a 

primary voltage of around 1 OkV.

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Figure 8-49. Signals observed by the digital oscilloscope at a primary voltage of around 10kV
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Despite the apparent success of this experiment, the results obtained during this test were 

disregarded due to the proximity of the DLA spark gap to the secondary cabling of the 

current transformer. It is suspected that significant capacitive coupling was occurring 

between the arc and the secondary circuit as the terminals were only separated by a few 

centimetres.

8.7.2.3 Test 2: Spark Gap on the Primary Conductor

To increase the distance between the source of the discharges and the secondary circuit, a 

high voltage spark gap was attached to the primary conductor of the current transformer. As 

shown in Figure 8-50, this gap was calibrated to 2.5mm. This corresponds to an inception 

voltage of around 8kV, which approximates the voltage across a single insulation grading 

layer within a 330kV CT.

Figure 8-50. Incorporating a high voltage spark gap in the experimental setup

In this test setup, a 53kfi water resistor was used to connect the spark gap to the step up 

transformer. The secondary voltage of the step-up transformer was then slowly raised to 

8kV. At this point, the spark gap began to faintly discharge. An alarm was raised by the 

forewarning device monitoring the current transformer when the test voltage was increased 

to around 15kV.
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This experiment was repeated and the alarm circuit operated again when the test voltage 

was raised quickly to 15kV. Figure 8-51 shows the voltage measured across the interposing 

current transformer as the inception voltage is reached. With reference to the displayed time 

axis, the discharges appear to begin at 100ms and continue to increase in intensity as the 

applied voltage was increased. The oscilloscope had been previously configured to a range 

of ±200mV. Unfortunately, this resulted in some ‘clipping’ of the recorded signal which 

did not occur during the previous experiment.

Time (s)

Figure 8-51. Escalation of discharges following the breakdown of insulation

Now consider two separate 25ms data windows from this signal, shown in Figures 8-52 and 

8-53. Each of these diagrams illustrates the nature of the signal observed by the discharge 

monitoring device. It is noted that there appears to be some periodicity in these signals as 

each appears to repeat approximately every 10ms. This corresponds with discharges 

generated on each half cycle on a 50FIz power system.
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Figure 8-52. Discharges observed over a 25ms window
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Figure 8-53. Discharges observed at a slightly higher test voltage

Throughout these tests, calibrated partial discharge detection equipment was connected to 

the capacitive transducer located adjacent to the test object. Figure 8-54 shows the 

distribution of PD magnitude versus the test voltage phase angle. In this instance, 

measurements were taken at a test voltage of 15kV for several minutes. The locations with
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the greatest concentration of PD activity are represented by the red areas of the plot. 

Similarly, the colour changes to grey with a decreasing number of detected events.
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Figure 8-54. Partial discharge measurements taken during the test

Figure 8-55 displays the same information in a three-dimensional format. This diagram 

shows the dominance of PD activity on the negative half-cycle of the test voltage 

waveform.
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Figure 8-55. Partial discharge measurements taken during the test
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These calibrated measurements demonstrate that the proposed monitoring technique 

detected partial discharge activity in excess of 400pC, which initially appears to be a ten

fold increase in sensitivity over the radio based system described in Section 8.2.1. 

However, this would need to be verified under another test where both devices are 

subjected to the same level of background interference. For instance, the accuracy of this 

system may not be as high in the substation environment. Nevertheless, it should also be 

noted that the measurements made using the radio based system also were not conducted in 

a substation environment. Hence, it appears that the proposed technique can detect 

relatively small partial discharges via a simple and safe electrical connection.

8.8 Conclusion

Despite having several on-line condition monitoring systems installed at Bayswater, the 

travelling wave recorder was the only device to provide some forewarning of the 

catastrophic failure on the 13th August 2004.

This chapter has described the development of a device that has been specifically designed 

to give some advanced warning of a similar impending failure. The aim was not to design a 

condition monitoring system, but rather a tool to enhance the safety of substation personnel 

when working in the switchyard.

A very accurate assessment of the insulation condition can be made by using a capacitive 

transducer across the bushing DLA test terminals. However, the high voltage equipment 

must be taken out of service using this approach. Moreover, there is an increased likelihood 

that the equipment will sustain damage due to a failure of the transducer, or from 

deterioration in the voltage grading across the impregnated insulation.

For this reason, split-core inductors have been used to examine the transients which are 

coupled into the CT protection secondary circuits. This is simply achieved by attaching the 

interposing CT’s to the secondary circuits in the local cable marshalling kiosk.

This device has been designed to detect large magnitude PD activity based on the analysis 

of these CT secondary circuits in Chapter 5, and the background signal and transient 

measurements taken at the Sydney West 330kV substation. Such activity appears as an
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extended series of pulse trains on the secondary circuits and can be identified using simple 

time thresholds and counters within a micro-controller.

The device has demonstrated successful operation in a high voltage test laboratory. Using 

the internal voltage thresholds described in this chapter, it appears to have a sensitivity of 

around 400pC in a laboratory environment, which is a substantial improvement over the 

radio-based system previously developed by TransGrid. Moreover, it also achieves its main 

objective of being portable, robust and easy for substation staff to install.
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9.1 Conclusions

The following conclusions have been drawn from the work discussed in this thesis:

A statistical simulation has been undertaken which compared the impedance and travelling 

wave algorithms under identical system conditions. This demonstrated the strengths of 

double-ended fault location techniques and confirmed that travelling wave algorithms are 

generally the most accurate means of fault location on high voltage transmission networks.

The main advantage of these travelling wave algorithms is that they are immune to 

parameters which affect many other algorithms. These include the fault resistance, pre-fault 

loading and mutual coupling between circuits.

Travelling wave methods are also the only approaches which provide accurate fault 

location estimates when applied to unearthed inter-circuit faults. These faults result in 

significant under-reach for most impedance-based fault location algorithms, which include 

transmission line distance protection schemes. Fault investigations have revealed that 

specific protection configurations are required to ensure that distance protection schemes 

operate correctly under these particular fault conditions.

Despite their inherent accuracy, travelling wave algorithms can still be affected by the 

frequency response of the coupling transducers and the cabling to the recording hardware. 

Following the development of TransGrid’s travelling wave fault location system, the 

analysis of several faults has revealed that the substation transducers can impose significant 

filtering delays. High voltage transducers with a large dynamic range are available for use 

in these substations, but the additional installation costs and the outage requirements are a 

major limitation in their use. Hence, conventional substation current transformers are 

currently the only economic means of monitoring travelling wave transients.

These transducers produce an underdamped resonance in the observed travelling wave 

signal due to the capacitance of the current transformer cabling, combined with the 

inductance of the relay burden. This highlights the need to use low capacitance substation 

cabling combined will low impedance digital relaying devices. A subsequent review of
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these transducer filtering characteristics initiated the development of a model which can be 

used to assess the impact of cabling and relay impedance on fault location accuracy.

In addition to affecting the performance of synchronised travelling wave algorithms, the 

accuracy of unsynchronized travelling wave fault location algorithms can be restricted by 

the frequency response of these non-ideal substation transducers. In these situations the 

continuous wavelet transform is the ideal approach to identifying signal reflections. This 

signal processing technique also assists by distinguishing between solid and incipient faults 

through an examination of the coefficient polarity obtained using the continuous wavelet 

transform.

The observation of high frequency transients has also led to the development of a device 

that has been specifically designed to give advanced warning of impending insulation 

failure. Based on the previous analysis of substation circuitry, this device has been designed 

to detect large magnitude partial discharge activity prior to the failure of oil impregnated 

current transformers. This provides a novel means of increasing the safety for substation 

staff when working in energised switchyards.

9.2 Future Work

Chapter 8 presented a new technique to forewarn of substation insulation faults using 

travelling wave techniques. As shown in Chapter 7, the travelling wave system installed by 

TransGrid observes many more incipient discharges than solid faults. Each of these 

transients can vary significantly in magnitude.

It was not until 2005 that the significance of these observations was appreciated. Reference 

[126] proposed the use of overhead transmission lines as electromagnetic sensors for 

detecting discharges caused by defective line insulators. This paper presented several 

experiments that had been performed using a spark gap and two HV conductors of different 

lengths to simulate discharges near the conductors. These results show that a large amount 

of energy is coupled onto the overhead circuit, as indicated by Figures 9-1 and 9-2.
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A
I-String Insulators

Defect

T

Figure 9-1. An example overhead insulator string [126]

Defect on 
insulatorPulse

propagation

Figure 9-2. Propagation on high voltage transmission lines [126]

Consider the possibilities for monitoring the condition of these insulators through travelling 

wave means. To illustrate this potential application, the ATP model developed in Chapter 3 

has been altered to consider small insulator string discharges (refer to Appendix 6). Again, 

a software application was created using Visual Basic which interfaced with the ATP. This 

application provided the option of varying a simulated discharge location, the configuration 

of the insulator and the discharge inception voltage.

Discharges are simulated by modelling the insulator string as a series of small capacitors; 

one for each insulator pin. A voltage controlled switch is used to simulate a spark gap 

across one of these capacitive insulator pins.
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For example, consider a scenario where there are 20 insulating discs, with a combined 

capacitance of lOpF per string. Also assume that there is a small discharge across one 

single insulator pin on the A phase, half way along the Sydney West to Bayswater 330kV 

circuit.

Using this ATP model, Figures 9-3 to 9-4 show the voltage and current waveforms that are 

observed at each line terminal, where the simulated power angle across the circuit is zero.
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Figure 9-3. Voltages observed at the busbar
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Figure 9-4. Charging currents observed at the busbar

Figure 9-6 shows the resulting coefficients obtained from a DWT decomposition of the 

simulated A phase current signal shown in Figure 9-5. This analysis was performed using
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Conclusion and future work

the ‘sym2’ wavelet function at a scale of 1. Subsequently, Figure 9-6 shows the high 

frequency discharges which could be detected at each busbar.

Current
(Amps)

-50 -

-3
Time(x10 seconds)

Figure 9-5. A phase charging current observed at the busbar

Current
-3

(x10 Amps)

-3
iime(x10 seconds)

Figure 9-6. Scale 1 Discrete wavelet transform using the ‘Sym2’ wavelet function

Due to the distributed nature of such lines, there is minimal attenuation and distortion over 

several kilometres. However, the effect of corona noise and other electromagnetic 

interferences must be taken into consideration.

It appears that the DWT technique can be used to filter out the corona noise, which has the 

characteristic of a Gaussian signal. As demonstrated in Tungkanawanich’s work [127], the 

denoising technique based on the Discrete Wavelet Transform is very effective in removing 

the corona noise commonly found in power systems.

Nevertheless, there remains potential to develop transducers with an improved frequency 

response, with the aim of trending these incipient faults for purposes which include 

condition monitoring on overhead circuits.
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APPENDIX 2
Sensitivity analysis performed for several fault location algorithms (refer to Chapter 3).

Figure 10-1. Phase to earth faults applied to the synchronised phasor algorithm
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Figure 10-2. Phase to earth faults applied to the unsynchronised phasor algorithm
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Figure 10-3. Phase to earth faults applied to the basic impedance algorithm
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Figure 10-4. Phase to phase faults applied to the basic impedance algorithm
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Figure 10-5. Phase to earth faults applied to the basic reactance algorithm
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Figure 10-6. Phase to phase faults applied to the basic reactance algorithm
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Figure 10-7. Phase to earth faults applied to the Takagi algorithm
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Figure 10-8. Phase to phase faults applied to the Takagi algorithm
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APPENDIX 3
Source impedances used for the statistical comparison of fault location algorithms. Refer to 

Chapter 3.

Table 10-1. Source impedances used for the statistical comparison
CIRCUIT

No.
TERMINAL 1 (% on 100.MVA) TERMINAL 2 (% on 100MVA)

Substation Z1 Deg ZO Deg Substation Z1 Deg ZO Deg
86 Armidale 26.7 84 20.0 82 Tam worth 21.1 84 21.5 79
85 Armidale 26.7 84 20.0 82 Tam worth 21.1 84 21.5 79
84 Liddell 9.6 85 13.2 78 Tam worth 21.1 84 21.5 79
88 Muslbrook. 9.6 85 13.2 78 Tamworth 21.1 84 21.5 79
83 Muslbrook. 9.6 85 13.2 78 Liddell 9.6 85 13.2 78
33 Bayswater 4.64 88 3.54 86 Liddell 9.6 85 13.2 78
34 Bayswater 4.64 88 3.54 86 Liddell 9.6 85 13.2 78
74 Bayswater 4.64 88 3.54 86 W.Wang 7.54 87 6.72 86
73 Bayswater 4.64 88 3.54 86 Mt Piper 7.54 87 6.72 86
72 Wellington 49.8 82 59.9 81 Mt Piper 7.54 87 6.72 86
77 W.Wang 7.54 87 6.72 86 Syd. South 7.51 86 5.53 83
78 W.Wang 7.54 87 6.72 86 Syd. South 7.51 86 5.53 83
35 Mt Piper 7.54 87 6.72 86 Marulan 10.9 85 22.6 75
36 Mt Piper 7.54 87 6.72 86 Marulan 10.9 85 22.6 75
16 Avon 11.2 85 17.8 77 Marulan 10.9 85 22.6 75
8 Dapto 10.7 85 13.3 80 Marulan 10.9 85 22.6 75
10 Dapto 10.7 85 13.3 80 Avon 11.2 85 17.8 77
12 Syd. South 7.51 86 5.53 83 Liverpool 8.68 86 8.93 81
30 Syd. West 7.37 86 6.59 81 Liverpool 8.68 86 8.93 81
13 Syd. South 7.51 86 5.53 83 Kemps Ck 8.22 86 7.08 82
37 Avon 11.2 85 17.8 77 Kemps Ck 8.22 86 7.08 82
20 Syd. West 7.37 86 6.59 81 Syd. North 8.56 86 8.3 80
38 Syd. West 7.37 86 6.59 81 Regentville 11.2 85 15.9 79
32 Syd. West 7.37 86 6.59 81 Bayswater 4.64 88 3.54 86
31 Regen tvi lie 11.2 85 15.9 79 Bayswater 4.64 88 3.54 86
29 Syd. West 7.37 86 6.59 81 Vineyard 11.5 85 18.0 78
26 Syd. West 7.37 86 6.59 81 Munmorah 7.52 87 6.11 82
14 Kemps Ck 8.22 86 7.08 82 Syd. North 8.56 86 8.3 80
28 Syd. East 12.0 85 11.6 79 Syd. North 8.56 86 8.3 80
29 Syd. East 12.0 85 11.6 79 Syd. North 8.56 86 8.3 80
22 Vales Point 6.81 87 5.04 83 Syd. North 8.56 86 8.3 80
21 Munmorah 7.52 87 6.11 82 Syd. North 8.56 86 8.3 80
23 Munmorah 7.52 87 6.11 82 Vales Point 6.81 87 5.04 83
25 Vineyard 11.5 85 18.0 78 Eraring 7.17 87 4.94 86
92 Newcastle 4.64 88 3.54 86 Vales Point 6.81 87 5.04 83
24 Newcastle 4.64 88 3.54 86 Vales Point 6.81 87 5.04 83
93 Newcastle 4.64 88 3.54 86 Eraring 7.17 87 4.94 86
82 Liddell 9.6 85 13.2 78 Tomago 11.8 85 15.5 82
81 Liddell 9.6 85 13.2 78 Newcastle 4.64 88 3.54 86
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APPENDIX 4
TransGrid 330kV Network (2006) 
Travelling wave recorder installations

330kV Substation / Switching Station 
Recorder installed (1999)
Recorder installed (2004)
Recorder installed (2005)
Proposed Installation (2006)
Line monitored (Type D) in 1999 
Line monitored (Type D) in 2004 
Line monitored (Type D) in 2005 
Proposed configuration (2006)

Bulli Creek Lismore

Tomago 
W

95 Waratah W

Munmorah

Tuggerah

Broken Hill 
X4 T Mines 

Broken Hi

Marulan ^19 
n —i—1_ Kangaroo

Valley

Red Cliffs

wodonga Dederang Figure 10-9. Travelling wave recorder installations
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APPENDIX 5
Transfer function estimation (Refer to Section 5.4)

The Hathaway travelling wave data is obtained using an 8 bit analogue to digital 

conversion, which gives a range from 0 to 255. Hence, a value of 128 was subtracted to 

establish an initial zero input signal. Each set of data were then imported into MATLAB 

and grouped in the following way:

Filename Column 2 Column 3 Column 4
Switchyard Data Red Phase In White Phase In Blue Phase In
Switchroom Data Red Phase Out White Phase Out Blue Phase Out

The input and output signals were broken down into the following pseudo-modal 

components:

Red - Blue Phase 
White - Blue Phase 
Red - White Phase

(Red Phase minus Blue Phase) 
(White Phase minus Blue Phase) 
(Red Phase minus White Phase)

In MATLAB, the following settings were used for the tfe function for high frequency 

components of 300kHz+:

window = hanning(78); 
noverlap = 39; 
dflag-none’;
[z f] = tfe(redbluein,whiteblueout,78,Fs,window,noverlap,dflag);

Similarly, the following settings were used for the tfe function for low frequency 

components of 0 to 300kHz:

window = hanning(256); 
noverlap = 128; 
dflag-none';
[z f] = tfe(redbluein,whiteblueout,256,Fs,window,noverlap,dflag); 
(where Fs = 1.25MHz, the sampling frequency provided).
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APPENDIX 6
ATP input data cards used when modelling transmission circuits.

Inter-circuit Fault Model (Sydney South)

BEGIN NEW DATA CASE
deltaT Tfinish 
5.0E-6 20.E-3
LPfreq PL4freq 

50 1

Xopt0.0
Idoubl1

Copt0.0
kSSout

3

Epsiln Tolmat

Maxout1 Ipun0
Tstart0.0
Memsav makePL4 0 1 Nererg0 Iprsup0

VOLTAGE MEASUREMENTS

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
SYS R 1.E6 1
SYS W 1.E6 1
SYS B 1.E6 1
LP1 R 1.E6 1
LP1 W 1. E6 1
LP1 B 1.E6 1
WW1 R 1.E6 1
WW1 W 1.E6 1
WW1 B 1.E6 1
DPT R 1.E6 1
DPT W 1.E6 1
DPT B 1.E6 1

FLT12R 1.E6 2
FLT12W 1 . E6 2
FLT12B 1 ,E6 2
FLT76R 1 ,E6 2
FLT76W 1.E6 2
FLT76B 1.E6 2

LINE 11 (DPT - SYS)

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
DPT X SYS R 19.4 207.

1 DPT Y SYS W
1 DPT_Z SYS_B

2.122 71.4

LINE 76 (WW1 - SYS)

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
WW1 XFLT76R . 34.7 446.

! WWl YFLT76W 4.422 138.
1 WWl ZFLT76B

Short Section to SYS
aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc

— 1.7km ---
FLT76R SYS R 0.053 1.7 1
FLT76W SYS W 0.053 1.7 1
FLT76B SYS B 0.053 1.7 1

LINE 12 (LP1 - SYS)

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
LP1 XFLT12R 3.64 49.0

1 LP1 YFLT12W 0.572 18.3
1 LP1 ZFLT12B

Short Section to SYS
aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc

----- 1.7km -----
FLT12R SYS R 0.053 1.7 1
FLT12W SYS W 0.053 1.7 1
FLT12B SYS_B 0.053 1.7 1

WWl BUS IMPEDANCE

C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
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51 WW1_R SOU_R
52 WW1_W SOU_W
53 WW1_B SOU_Bc -------------
C
C-----------------------

0.570 29.7
0.523 29.9

DPT BUS IMPEDANCE

C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
51 DPT_R SOU_R 1.170 45.0
52 DPT_W SOU_W 1.183 45.0
53 DPT_B SOU_Bc -----------------------------------------------
C
C-----------------------------------

LP1 BUS IMPEDANCE

C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
51 LP1_R SOU_R 1.418 40.3
52 LP1_W SOU_W 0.963 39.2
53 LP1_B SOU_Bc -----------------------------------------------
C 
C 
C 
C 
C 
C
51
52
53 
C 
C 
C 
C 
C 
C

SYS BUS IMPEDANCE

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
51 SYS_R SOU_R
52 SYS_W SOU_W
53 SYS_B SOU_B 

SYS_R SOU_R 
SYS _W SOU_W 
SYS B SOU B

2.91
3.78

132.
172.

36
67

198.
258.

FAULT IMPEDANCE

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
FLT12BFLT76R 1.0E-4 1

FLT76R 1.0E-4 1
SYS R 1.0E-4 1
FLT12RFLT12B l.E-4 1
FLT12BFLT12W l.E-4 1
FLT12WFLT12R l.E-4 1
FLT12R l.E-4 1

BLANK line ending all branches.c ---------------------------------------------------------------------------------------
C SWITCHESc ---------------------------------------------------------------------------------------
C
c 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890 
C aaaaaabbbbbbCCCCCCCCCCOOOOOOOOOO

■ WORST CASE SWITCHING
DPT _R DPT X -1. 1 . 1
dpt' W DPT Y -1 . 1 . 1
DPT B DPT Z -1 . 1 . 1
WWl" R WWl^ X -1 . 1 . 1
WWl’_W WWl’ Y -1 . 1 . 1
WWl’_B WWl' Z -1 . 1 . 1
LPl"_R LPl"”x -1 . 1. 1
LPl’ W LPl’ Y -1 . 1 . 1
LPl" B LPl" Z -1. 1. 1

C
BLANK LINE ENDING SWITCHES

c VOLTAGE SOURCES (1.0 p.u.)

c Name S Amplitude Frequency Phase A1 . Tstart Tstop
C aaaaaaCCmmmmmmmmmmffffffffffaaaaaaaaaa
14 SOU R 155.5e3 50.0 0. 0 -1.0 1.0
14 SOU W 155.5e3 50.0 -120. 0 -1.0 1.0
14 SOU B 155.5e3 50.0 + 120. 0 -1.0 1.0
C
BLANK line ending requests for output variables. 
BLANK line terminating all plot lines.
BEGIN NEW DATA CASE
BLANK line ending all data cases.
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Inter-circuit Fault Model (Queensland Interconnector)

C INVESTIGATION INTO INTERCIRCUIT FAULTS ON QNI
C ================================= ===========
C
C - Coupled Parrallel circuits, 172km long (17.2km sections)
C - Fault varied along line length
C
C
C (TAPS 1 to 9)c ------- >
C
C I------------------------------[Line 8E]---------------------------------I
C SOUI —[Z]----- I ARM DMQ I-----[Z] — I SOU
C I------------------------------ [Line 8C]---------------------------------I
C +-| I-+

c +-I----------------------[Transfer Impedance]-----------------------+
C
C
C
C Line 8E ARMIDALE - DUMARESQ
C Z1 = 52.03 [85.5]
C Z0 = 165.58 [74.8]
C RCF = 0.736 [-15.6]
C |RCF| = 0.727
C
C Modelled Section Parameters:
C Z1 = 5.203 [85.5] = 0.40820hms + 16.51mH
C Z0 = 16.558 [74.8] = 4.34130hms + 50.86mH
C
C These are modelled as an untransposed 6x6 KCLee matrix
C
C
C Line 8C ARMIDALE - DUMARESQ
C Z1 = 51.95 [85.4]
C Z0 = 162.8 [74.2]
C RCF = 0.721 [-16.3]
C IRCFI = 0.712
C
C Modelled Section Parameters:
C Z1 = 5.195 [85.4] = O.41660hms + 16.48mH
C Z0 = 16.28 [74.2] = 4.43270hms + 49.86mH
C
C ARMIDALE BUS IMPEDANCE (without these lines)
C 3-phase 1-phase 2-ph-e Z1 (%) Z0 (%)
C 2596.42 3045.38 2920.07 3.851 [ 82.4] 2.148 [ 83.4]
C R1 = 5.546 R0 = 2.688
C DUMARESQ BUS IMPEDANCE:
C 3-phase 1-phase 2-ph-e Z1 (%) Z0 (%)
C 2256.49 1359.61 2098.01 4.432 [ 86.4] 13.326 [ 74.1]
C R1 = 3.030 R0 = 39.73
C TRANSFER REACTANCE:
C Open Circuit as there is no alternate interconnection between networks
C
BEGIN NEW DATA CASE
C DeltaT Tmax ABlopt Copt Epsiln Tolmat Tstart 

1.0E-6 10.0E-6
C lout Iplot Idoubl kSSout Maxout Ipun Memsav Icat Nererg Iprsup

100 1 1 3 0 0 0 1
C
C
C
C VOLTAGE MEASUREMENTS
C -----------------------------------------------
C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc

ARM R 1. e6 1
ARM W 1. e6 1
ARM_B 1. e6 1

DMQ R 1. e6 1
DMQ W 1. e6 1
DMQ B 1. e6 1

DUMARESQ SOURCE IMPEDANCE

C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
51DMQ_R SOU_R 39.73 444.
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3.030 153.5 2 DMQ_W SOU_W 
5 3 DMQ_B SOU_B 
Cc ------------
C ARMIDALE SOURCE IMPEDANCEc --------------------------------------------------
C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
51ARM_R SOU_R 2.688 73.96
52ARM_W SOU_W 5.546 132.0
5 3ARM_B SOU_B 
Cc --------------------------------------------------
C LINE 8E and 8C (ARM-DMQ)c --------------------------------------------------
C (8E) (8 C)
C with phasing: W W
C B B
C R R
C
C Fault will be on bottom conductors...
C
C Short Section ARM -TAP8E (tap 1, line 8E)
$VINTAGE, 1 
-1ARM8EWTAP8EW 2 . 75071E- 01 7.90395E+02 2 . 18672E+05 -1 .91000E+01 1
-2ARM8EBTAP8EB 2 . 43472E- 02 3.18734E+02 2 .92576E+05 -1 .91000E+01 1
-3ARM8ERTAP8ER 3 . 34 810E- 02 3.20222E+02 2 .92852E+05 -1 .91000E+01 1
-4ARM8CWTAP8CW 2 . 52650E-02 2.777 4 9E + 02 2 .9554 2E + 05 -1 .91000E+01 1
-5ARM8CBTAP8CB 2 . 52202E-02 2.47836E+02 2 .95355E+05 -1 . 91000E+01 1
-6ARM8CRTAP8CR
SVINTAGE, 0

2 .55471E-02 2.59771E+02 2 .95534E+05 -1 .91000E+01 1

0.29248371 -0.19835545 0. 56129914 0.48564826 - 0. 42638995 -0. 25387523
-0.07118219 -0.02132153 -0. 01042373 -0.02049331 - 0. 01302874 -0. 05529282

0.30983365 -0.34900955 -0. 00757638 0.28336379 0. 52443136 0. 58044361
0.00401825 -0.12883306 0. 08989141 -0.06669405 - 0. 03516513 0. 00000783
0.55749917 -0.55807884 -0. 42035141 - 0.41505607 - 0. 19014848 -0. 30660833
0.05067560 0.10170002 0. 00120038 - 0.08192138 - 0. 07483704 0. 03958061
0.29248371 0.19835545 0. 56129914 -0.48564826 0. 42638995 -0. 25387523

-0.07118219 0.02132153 -0. 01042373 0.02049331 0. 01302874 -0. 05529282
0.30983365 0.34900955 -0. 00757638 -0.28336379 - 0. 52443136 0. 58044361
0.00401825 0.12883306 0. 08989141 0.06669405 0. 03516513 0. 00000783
0.55749917 0.55807884 -0. 42035141 0.41505607 0. 19014848 - 0. 30660833
0.05067560 -0.10170002 0. 00120038 0.08192138 0. 07483704 0. 03958061

C
C (Rema
C
$VINTAGE, 1 
-1TAP8EWDMQ8EW
-2TAP8EBDMQ8EB 
-3TAP8ERDMQ8ER 
-4TAP8CWDMQ8CW 
-5TAP8CBDMQ8CB 
-6TAP8CRDMQ8CR 
$VINTAGE, 0

0.29248371 -0. 
-0.07118219 -0. 
0.30983365 -0. 
0.00401825 -0. 
0.55749917 -0. 
0.05067560 0.
0.29248371 0.

-0.07118219 0.
0.30983365 0.
0.00401825 0.
0.55749917 0.
0.05067560 -0.

19835545
02132153
34900955
12883306
55807884
10170002
19835545
02132153
34900955
12883306
55807884
10170002

inder of section of the line) - (TAP-DMQ)

2.75071E-01 7.90395E+02 2.18672E+05-1.71900E+02 1 
2.43472E-02 3.18734E + 02 2.92576E + 05-1.71900E + 02 1 
3.34810E-02 3.20222E+02 2.92852E + 05-1.71900E+02 1 
2.52650E-02 2.77749E+02 2.95542E+05-1.71900E+02 1 
2.52202E-02 2.47836E+02 2.95355E+05-1.71900E+02 1 
2.55471E-02 2.59771E+02 2.95534E+05-1.71900E+02 1

0.56129914
-0.01042373
-0.00757638
0.08989141

-0.42035141
0.00120038
0.56129914

-0.01042373
-0.00757638
0.08989141

-0.42035141
0.00120038

0.48564826
-0.02049331
0.28336379

-0.06669405
-0.41505607
-0.08192138
-0.48564826

0.02049331
-0.28336379
0.06669405
0.41505607
0.08192138

-0.42638995
-0.01302874
0.52443136

-0.03516513
-0.19014848
-0.07483704
0.42638995
0.01302874

-0.52443136
0.03516513
0.19014848
0.07483704

-0.25387523
-0.05529282
0.58044361
0.00000783

-0.30660833
0.03958061

-0.25387523
-0.05529282
0.58044361
0.00000783

-0.30660833
0.03958061

C
C
C
C
C
C

FAULT IMPEDANCE

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
TAP8CRTAP8EB 1.0E-4

C
C
C -------------------------------------------------------
BLANK line ending all branches.
C -------------------------------------------------------
C SWITCHESc --------------------------------
C

666666

666666

1
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C12345678 
C 345678901234567890123456789012345678901234567890123456789012345678901234567890 
C aaaaaabbbbbbCCCCCCCCCCOOOOOOOOOO 
C - WORST CASE SWITCHING

ARM R ARM8ER -1 . 1 . 1
ARM W ARM8EW -1 . 1 . 1
ARM_B ARM8EB -1 . 1 . 1

ARM R ARM8CR -1 . 1 . 1
ARM W ARM8CW -1 . 1 . 1
ARM_B ARM8CB -1 . 1 . 1

DMQ_R DMQ8ER -1 . 1 . 1
DMQ_W DMQ8EW -1 . 1 . 1
DMQ_B DMQ8EB -1 . 1 . 1

DMQ R DMQ8CR -1 . 1 . 1
DMQ W DMQ8CW -1 . 1 . 1
DMQ_B DMQ8CB -1 . 1 . 1

C
C
BLANK LINE ENDING SWITCHES

C VOLTAGE SOURCES (1.0 p.u.)

C Name S Amplitude Frequency Phase
c aaaaaaCCmmmmmmmmmmffffffffffaaaaaaaaaa

A1 . Tstart Tstop

14 SOU R 269.4e3 50.0 0. 0 -1.0 1.0
14 SOU W 269.4e3 50.0 -120. 0 -1.0 1.0
14 SOU B 269.4e3 50.0 + 120. 0 -1.0 1.0
C
BLANK line ending requests for output variables. 
BLANK line terminating all plot lines.
BEGIN NEW DATA CASE
BLANK line ending all data cases.
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4-core 7/029” Cabling (Sydney West)

BEGIN NEW DATA CASE 
SEMLYEN SETUP 
$ERASE
BRANCH PIPE_APIPE_BSC1_A SC1_B SC2_A SC2_B SC3_A SC3_B SC4_A SC4_B 
TOLERANCES 14 30.0 15 30.0 16 30.0 17 30.0 18 100.0
TOLERANCES 10 206.E3 9 l.E-30

80 50 010 010 0 0 0 0 0
CABLE Constants 
C
C 3.45678901234568E+77
C -----------------------------------------------------------------------------------------------------------
C -- Class B: FOUR PHASE SINGLE CORE CABLES (4 core - 7/0.029'')
C —Underground
C — 4 cables: 4 power (no earth)
C — 1 pipe as a sheath for cablec ---------------------------------------------------------------
C
C MISCELLANEOUS DATA CARD
C TYP SYST NPC EARTH MODE Z Y NPP NGRND type B, carsons model, 4 cond. in earthed pipe
C-----+++++-------- + + +++---------+ + + + +---------+++++----------

3 -1 4010010
C
C PIPE DATA 
C 3.45678901234568E+77
4.9000E-3 5.0000E-3 7.0000E-3 1.56E-8 1.000 1.000 2.300

C
C DIST AND THETA CARD for each conductor 
C 3.45678901234568E+77

0.00280 65.00 0.00280 155.0 0.00280 245.0 0.00280 335.0
C 
C
C NO OF CONDUCTORS PER SC COAXIAL CABLE -one number for each cable
C-----++ +++-------- + + + + +---------+++++---------- 1 core, 0 sheath, 0 armour

1111
C
C

BLANK

C CONDUCTOR DATA
0.000E-3 0.9700E-3 1.9700E-3
1.56E-8 1.0000 1.0000 3.0000

0.000E-3 0.9700E-3 1.9700E-3
1.56E-8 1.0000 1.0000 3.0000

O.OOOE-3 0.9700E-3 1.9700E-3
1.56E-8 1.0000 1.0000 3.0000

0.000E-3 0.9700E-3 1.9700E-3
1.56E-8 1.0000 1.0000 3.0000

C
C 3.45678901234568E+77 
C DEPTH...

0.30000
C FREQUENCY AND EARTH RESISTIVITY CARD 
C 3.45678901234568E+77
C -- RHO(ohm-m) Freq(Hz) Idee Ipnt Dist.

210.00
210.00

15 210.00

BEGIN NEW DATA CASE

100.0 100.E3
100.0 50.0
100.0 10.0 6

BLANK LINE ENDING FREQUENCY CARDS 
BLANK LINE ENDING CABLE CONSTANTS 
$ PUNCH
BLANK LINE ENDING SEMLYEN SETUP
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4-core 7/1.70 Cabling (Bayswater)

BEGIN NEW DATA CASE 
SEMLYEN SETUP 
$ERASE
BRANCH PIPE_APIPE_BSC1_A SC1_B SC2_A SC2_B SC3_A SC3_B SC4_A SC4_B 
TOLERANCES 14 30.0 15 30.0 16 30.0 17 30.0 18 100.0
TOLERANCES 10 206.E3 9 l.E-30

80 50 010 010 0 0 0 0 0
CABLE Constants
C
C 3.45678901234568E+77
C -----------------------------------------------------------------------------------------------------------
C -- Class B: FOUR PHASE SINGLE CORE CABLES (4 core - 7/0.029'')
C —Underground
C -- 4 cables: 4 power (no earth)
C — 1 pipe as a sheath for cablec ---------------------------------------------------------------
C
C MISCELLANEOUS DATA CARD
C TYP SYST NPC EARTH MODE Z Y NPP NGRND type B, carsons model, 4 cond. in earthed pipe
C-----+ + + + +--------- + + + + +--------- +++ + +--------- ++ + + +---------

3 -1 4010010
C
C PIPE DATA 
C 3.45678901234568E+77

08.600E-3 08.700E-3 10.700E-3 1.56E-8 1.000 2.000 2.300
C
C DIST AND THETA CARD for each conductor 
C 3.45678901234568E+77

0.00502 65.00 0.00502 155.0 0.00502 245.0 0.00502 335.0
C
C
C NO OF CONDUCTORS PER SC COAXIAL CABLE -one number for each cable
C-----+ ++++-------- +++++----------+++ ++--------- 1 core, 0 sheath, 0 armour1111
C
C

CONDUCTOR: DATA
00.00E-3 02.540E-3 03.54 0E-3
1.56E-8 1.0000 1.0000 2.3000

00.00E-3 02.540E-3 03.54 0E-3
1.56E-8 1.0000 1.0000 2.3000

00.00E-3 02.540E-3 03.54 0E-3
1.56E-8 1.0000 1.0000 2.3000

00.00E-3 02.54 OE-3 03.54 OE-3
1.56E-8 1.0000 1.0000 2.3000

C
C 3.45678901234568E+77 
C DEPTH...

0.30000
C FREQUENCY AND EARTH RESISTIVITY CARD 
C 3.45678901234568E+77
C -- RHO(ohm-m) Freq(Hz) Idee Ipnt

100.0 100.E3
100.0 50.0
100.0 10.0 6 15

BLANK LINE ENDING FREQUENCY CARDS 
BLANK LINE ENDING CABLE CONSTANTS 
$ PUNCH
BLANK LINE ENDING SEMLYEN SETUP
BEGIN NEW DATA CASE
BLANK

Dist. 
210.00 
210.00 
210.00
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System Voltage: 330kV
Earth Conductors (EW): SC/AC 7/. 162
Phase Conductors (R,W,B): Twin Moose (Olive) ACSR, 380mm spacing
Soil Resisitivity: lOOflm
Geometry:

Circuit 1 Circuit 2

Phasing EW,B,R,W EW,W,R,B
Height (m) 34.4,27,19.9,12.5 34.4,27,19.9,12.5
Offset (m)______ -5.8,-5.8,-5.8,-6.6___________5.8, 5.8, 5.8, 6.6

KC.LEE constant parameter model of the Sydney West - Bayswater 330kV Line

BEGIN NEW DATA CASE 
LINE CONSTANTS
BRANCH S 1 B TAPI _BS_ 1_R TAP1_RS_1__W TAP1_WS__2_W TAP2 _WS_2_R TAP2__RS_2_B TAP2_B
METRIC
C 1 2 3 4 5 6 7 8
C 3.45678901234568E+77

1 .3 0.0557 4 3.15 -6.6 12.5 12.5 38.1 0.0 2
2 .3 0.0557 4 3.15 -5.9 19.9 19.9 38.1 0.0 2
3 . 3 0.0557 4 3.15 -5.8 27.0 27.0 38.1 0.0 2
4 .3 0.0557 4 3.15 6.6 12.5 12.5 38.1 0.0 2
5 . 3 0.0557 4 3.15 5.9 19.9 19.9 38.1 0.0 2
6 .3 0.0557 4 3.15 5.8 27.0 27.0 38.1 0.0 2
0 . 5 1.070 4 1.23 -5.80 34.4 34.4
0 . 5 1.070 4 1.23 5.80 34.4 34.4

BLANK CARD ENDING1 CONDUCTOR CARDS
C -- RHO(ohm-m) Freq(Hz) Idee Ipnt Ipun
C 1 2 3 4 5 6 7
C 0123456789012345678901234567890123456789012345678901234567890

100.0 50.0 1 030.00 1-9
$PUNCH, linem.lis
BLANK LINE ENDING FREQUENCY CARDS 
BLANK LINE ENDING LINE CONSTANTS 
BEGIN NEW DATA CASE 
BLANK LINE ENDING ALL DATA CASES

J. Marti distributed parameter model of the Sydney West - Bayswater 330kV Line

BEGIN NEW DATA CASE 
JMARTI SETUP
BRANCH S_1_B TAP1_BS_1_R TAP1_RS_1_W TAP1_WS_2_W TAP2_WS_2_R TAP2_RS_2_B TAP2_B 
LINE CONSTANTS 
METRIC 
C
c LINE 31 4 32, 330kV Const, Twin MOOSE (OLIVE), SC/AC: 7/.162 E/W's, 171km
c

1 .3 0.0557 4 3.15 -6.6 12.5 12.5 38.1 0.0 2
2 .3 0.0557 4 3.15 -5.9 19.9 19.9 38.1 0.0 2
3 .3 0.0557 4 3.15 -5.8 27.0 27.0 38.1 0.0 2
4 .3 0.0557 4 3.15 6.6 12.5 12.5 38.1 0.0 2
5 .3 0.0557 4 3.15 5.9 19.9 19.9 38.1 0.0 2
6 .3 0.0557 4 3.15 5.8 27.0 27.0 38.1 0.0 2
0 .5 1.070 4 1.23 -5.80 34 . 4 34.4
0 .5 1.070 4 1.23 5.80 34 . 4 34.4

BLANK CARDi ENDING CONDUCTOR CARDS
C 1 2 3 4 5 6 7
C 3.45678901234568E+77
C RHO FREQ DIST
C dddddddd

100.0 100. E3 1 030.00 1
100.0 50 . 0 1 030.00 1
100.0 0. 01 1 030.00 11 15 1

BLANK LINE ENDING FREQUENCY CARDS 
BLANK LINE ENDING LINE CONSTANTS 
Default
$ PUNCH, linem.lis
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Frequency Scan of the 4-core 7/029” Cabling (Sydney West)

BEGIN NEW DATA CASE 
C
C 1 2 3 4
FREQUENCY SCAN 50. 1000.
C dT >< Tmax >< Xopt >< Copt >

4.0E-9 9.0E-9 0. 0. l.e-14
500 1 0 1 1

5
1.E6

l.e-140 0 0
CONNECTIONS

3.45678901234568E+77
aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
SW_R SC1_A 2.Oe-7
SW_W SC2_A 2.Oe-7
SW B SC3 A 2.Oe-7

SC4 A PIPE A 2.Oe-7
- the relay burden
SCI B SC4 B 002.01001.00
SC2 B SC4 B 002.01001.00
SC3 B SC4 B 002.01001.00
- remote cabling capacitance
SCI B 000.01
SC2 B 000.01
SC3 B 000.01
- the pipe
PIPE A 00.001
PIPE_B 00.001

LPI PE APIPE B
SECONDARY CABLE

1.74087E-02 4.72673E-06
3.74123819E-01 3.19182381E-01-4.65738310E-06 3.
0.OOOOOE+OO 2.47470E+06 6.43433E-01 O.OOOOOE+OC
0.00000E+00 1.82736E+05-5.23448E-03 O.OOOOOE+OC _______ _____

-1SC1_A SC1_B 1.17320E-01 1.04039E-06
4.65687159E-02 5.95503971E-02-1.12085758E-06 1.43345834E-06 
0.00000E+00 2.74202E+07 8.85327E-01 0.00000E+00 1.06269E+06 
0.00000E+00 8.38814E+05-3.03341E-02 0.00000E+00 8.67316E+03 

-1SC2_A SC2_B 4.56018E-02 1.02167E-06
1.03424260E-01 1.22369217E-01-5.18580288E-07 6.13618871E-07 
0.00000E+00 2.57357E+07 9.01409E-01 0.OOOOOE+OO 1.15541E+06 
0.OOOOOE+OO 6.12073E+05-1.19067E-02 0.OOOOOE+OO 6.98128E+03 

-1SC3_A SC3_B 4.56018E-02 1.02167E-06
1.03424260E-01 1.22369217E-01-5.18580288E-07 6.1361887IE-07 
0.OOOOOE+OO 2.57357E+07 9.01409E-01 0.OOOOOE+OO 1.15541E+06 
0.OOOOOE+OO 6.12073E+05-1.19067E-02 0.OOOOOE+OO 6.98128E+03 

-1SC4_A SC4_B 5.06344E-02 1.00532E-06
1.36818669E-01 2.36730286E-01-2.27394945E-07 3.93498752E-07 
0.OOOOOE+OO 3.13961E+07 9.25475E-01 0.OOOOOE+OO 8.53778E+05 
0.OOOOOE+OO 5.87952E+05-1.23524E-02 0.OOOOOE+OO 1.82866E+04

2 2 2 2 5
5.OOOOOOQOE+Ol
1. 14673E-01 

■8.32299E-02
3 3 2 2 5

5.00000000E+01
9.85913E-02 

•3.204 96E-02
4 4 2 2 5

5.OOOOOOOOE+Ol
9.85913E-02 

•3.204 96E-02
5 5 2 2 5

5.00000000E+01
7.45255E-02 

■3.717 67E-02
NO IMAGINARY PART:

9.9995066871170730E-01 9,
1.3390301399912680E-13 9.
9.9995066871170730E-01 -9.
9.9999999999999990E-01 9.
9.9995066871170730E-01 1.

-1.0850922662801220E-13 9,
9.9995066871170720E-01 -9.

-9.9999999999997840E-01 1,
9.9999999999999990E-01 2.
2.6975635516484310E-17 4.

-7.9817743730101950E-06 2.
6.7298048147651130E-16 2,

-7.9817743730661540E-06 -2.
5.0000000000000520E-01 2.

-7.9817743731229370E-06 2.
5.4341993187006610E-15 2.

-7.9817743730665180E-06 -2.
-5.0000000000000570E-01 2.
1.0000476991948700E+00 -2.

-5.6055518776876290E-15 -1.
BLANK CARD TERMINATING BRANCHES 
BLANK CARD TERMINATING SWITCHES

9999999999998960E-01 
9999999999998670E-01 
9999999999999190E-01 
9999999999998890E-01 
OOOOOOOOOOOOOOOOE+OO 
9999999999999340E-01 
9999999999997850E-01 
OOOOOOOOOOOOOOOOE+OO 
839848168678905OE-17 
2131526587464330E-05 
500000000000002OE-Ol 
5001192479871620E-01 
500000000000024OE-Ol 
5001192479871480E-01 
500000000000061OE-Ol 
500119247987202OE-Ol 
500000000000014OE-Ol 
500119247987265OE-Ol 
385974528329460OE-15 
0000141376696090E+00

9.9999999999999990E-01 

2.7889783162345710E-15 

-9.9999999999998010E-01 

-6.7 334593582134 4 30E-15 

-5.6066909601109910E-17 

5.0000000000000710E-01 

-6.1146415045236410E-14 

-5.0000000000000290E-01 

6.0173205970678390E-14 

-3.2217003154329750E-15

C aaaaaaCCmmmmmmmmmmffffffffffaaaaaaaaaa ssssssssss
14 SW_R -1 1. 50. 0. -1
14 SW_W -1 1. 50. -120. -1
14 SW_B -1 1. 50. -240. -1
BLANK iCARD TERMINATING SOURCES

SW_R SW__W SW_B
BLANK card ending node voltage output requests
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Frequency Scan of the 4-core 7/029” Cabling using the ‘Models’ Input Card

BEGIN NEW DATA CASE
C
C 1 2 3 4
EXACT PHASOR EQUIVALENT
FREQUENCY SCAN 50. 1000.
C dT >< Tmax >< Xopt >< Copt >

4.0E-9 9.0E-9 0. 0. l.e-14
500 1 0 1 1

MODELS
INPUT v_Re_SW {v(SW_W)}

v_Im_SW {imssv(SW_W)}
MODEL bode

VAR pass
Zmag_db 
Zphase 
f req

INPUT Z_Re {dflt: 0}
Z_Im {dflt: 0}

INIT
pass:=0 

ENDINIT 
EXEC

5

1.E6

l.e-140

pass:=pass+l 
IF pass = 1 THEN

WRITE1('frequency (Hz) ,Z-mag (dB) ,Z-angle
ENDIF
Zmag_db := 20 * LOG10( SQRT(Z_Re**2 + Z_Im**2) ) 
Zphase := ATAN( Z_Im / Z_Re) * 180 / PI 
freq := t
WRITElffreq, ' Zmag_db, ' Zphase

ENDEXEC 
ENDMODEL
USE bode as bode

INPUT Z_Re := v_Re_SW 
Z Im := v Im SW

0 1

(degree)')

' )

ENDUSE
ENDMODELS
C -----------------------------------------------
C CURRENT TRANSFORMERS
C -----------------------------------------------
C 3.45678901234568E+77
C aaaaaabbbbbbccccccddddddrrrrrrill111vvvvvv

TRANSFORMER
9999

1SW_R SC4_A 
2SC1_A SC4_A 

TRANSFORMER RCT_R 
1SW_W SC4_A 
2SC2_A SC4_A 

TRANSFORMER RCT_R 
1SW_B SC4_A 
2SC3_A SC4_A 

C
C - earthing
C -------------------

SW_R PIPE_A 
SW_W PIPE_A 
SW B PIPE A

SC1_A PIPE_A 
SC2_A PIPE_A 
SC3 A PIPE A

RCT_R

.0001 0.001 1.00
10.00 3000. 4000.

RCT W

RCT B

.90e-3 

. 90e-3 

.90e-3

50.e-6 
50. e-6 
50.e-6

SC4_A PIPE_A 2. Oe-7
C ----------------------------------------
C - the relay burden

SC1_B SC4_B 002.01001.00
SC2_B SC4_B 002.01001.00
SC3 B SC4 B 002.01001.00

C -------------------------------------------------------------------------------
C - remote cabling capacitance

SC1_B 000.01
SC2_B 000.01
SC3 B 000.01

111
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- the pipe
PIPE A 00.001
PIPE_B 00.001

SECONDARY CABLE

-1 PIPE_APIPE_B 1.74087E-02 4.72673E-06 1 1 2 2 5
3.74123819E-01 3.19182381E-01-4.65738310E-06 3.97397437E-06 5.00000000E+01 
0.OOOOOE+OO 2.47470E+06 6.43433E-01 0.OOOOOE+OO 6.64586E+05 3.56567E-01 
0.OOOOOE+OO 1.82736E+05-5.23448E-03 0.OOOOOE+OO 1.16075E+03-1.06082E-02 

-1SC1_A SC1_B 1.17320E-01 1.04039E-06 2222 5
4.65687159E-02 5.95503971E-02-1.12085758E-06 1.43345834E-06 5.OOOOOOOOE+O1 
0.OOOOOE + OO 2.74202E + 07 8.85327E-01 0.OOOOOE + OO 1.06269E + 06 1.14673E-01 
0.OOOOOE+OO 8.38814E+05-3.03341E-02 0.OOOOOE+OO 8.67316E+03-8.32299E-02 

-1SC2_A SC2_B 4.56018E-02 1.02167E-06 3322 5
1.03424260E-01 1.22369217E-01-5.18580288E-07 6.13618871E-07 5.00000000E+01 
0.OOOOOE+OO 2.57357E+07 9.01409E-01 0.OOOOOE+OO 1.15541E+06 9.85913E-02 
0.OOOOOE+OO 6.12073E+05-1.19067E-02 0.OOOOOE+OO 6.98128E+03-3.20496E-02 

-1SC3_A SC3_B 4.56018E-02 1.02167E-06 4422 5
1.03424260E-01 1.22369217E-01-5.18580288E-07 6.13618871E-07 5.00000000E+01 
0.OOOOOE+OO 2.57357E+07 9.01409E-01 0.OOOOOE+OO 1.15541E+06 9.85913E-02 
0.OOOOOE+OO 6.12073E+05-1.19067E-02 0.OOOOOE+OO 6.98128E + 03-3.20496E-02 

-1SC4_A SC4_B 5.0634 4E-02 1.00532E-06 5 5 2 2 5
1.36818669E-01 2.36730286E-01-2.27394945E-07 3.93498752E-07 5.00000000E+01 
0.OOOOOE+OO 3.13961E+07 9.25475E-01 0.OOOOOE+OO 8.53778E+05 7.45255E-02 
0.OOOOOE+OO 5.87952E+05-1.23524E-02 0.OOOOOE+OO 1.82866E+04-3.71767E-02

NO IMAGINARY PART:
9.9995066871170730E-01 
1.3390301399912680E-13 
9.9995066871170730E-01 
9.9999999999999990E-01 
9.9995066871170730E-01 

-1.0850922662801220E-13 
9.9995066871170720E-01 

-9.999999999999784OE-Ol 
9.9999999999999990E-01 
2.6975635516484310E-17 

-7.9817743730101950E-06 
6.7298048147651130E-16 

-7.9817743730661540E-06 
5.0000000000000520E-01

-7.981774373122937OE-O6

9.9999999999998960E-01 
9.9999999999998670E-01 

-9.9999999999999190E-01 
9.9999999999998890E-01 
1.OOOOOOOOOOOOOOOOE+OO 
9.999999999999934OE-Ol 

-9.9999999999997850E-01 
1.OOOOOOOOOOOOOOOOE+OO 
2.8398481686789050E-17 
4.2131526587464330E-05 
2.5000000000000020E-01 
2.500119247987162OE-Ol 

-2.500000000000024OE-Ol 
2.5001192479871480E-01 
2.500000000000061OE-Ol 
2.5001192479872020E-01 

-2.500000000000014OE-Ol 
2.5001192479872650E-01 

-2.3859745283294600E-15 
-1.0000141376696090E + 00

5.434199318700661OE-15 
-7.9817743730665180E-06 
-5.0000000000000570E-01 
1.0000476991948700E+00 

-5.6055518776876290E-15 
BLANK CARD TERMINATING BRANCHES 
BLANK CARD TERMINATING SWITCHES 
C aaaaaaCCmnrnmmmmmmmffffffffffaaaaaaaaaa 
14 SW_R -1 1. 50. 0.
14 SW_W -1 1. 50. -120.
14 SW_B -1 1. 50. -240.
BLANK CARD TERMINATING SOURCES 

SW R SW W SW B
BLANK card ending node voltage output requests
BLANK card ending plot cards
BEGIN NEW DATA CASE
BLANK card ending data case

9.9999999999999990E-01 

2.7889783162345710E-15 

-9.9999999999998010E-01 

-6.7334593582134430E-15 

-5.6066909601109910E-17 

5.0000000000000710E-01 

-6.1146415045236410E-14 

-5.0000000000000290E-01 

6.0173205970678390E-14 

-3.2217003154329750E-15

ssssssssss-1 . -1. -1.

Frequency (kHz)
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KC.LEE Simulation of the Sydney West - Bayswater 330kV Circuit

(example A phase to earth fault applied at 30% of the 100km line)

BEGIN NEW DATA CASE
DeltaT 1 Tmax 

OE-6 10.0E-6 
lout Iplot 

100 1

ABlopt Copt Epsiln Tolmat Tstart

Idoubl1 kSSout
3

Maxout0 Ipun0 Memsav0 Icat1 Nererg Iprsup

VOLTAGE MEASUREMENTS

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
BUSRR 1. e6 1
BUSRW 1. e6 1
BUSRB 1. e6 1

BUSSR 1. e6 1
BUSSW 1. e6 1
BUS SB 1. e6 1

BUS_S SOURCE IMPEDANCE

C 
C 
C 
C
C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
51BUSSR SOUSR 003.21052.49
52BUSSW SOUSW 001.16042.17
53BUSSB SOUSB 
CC----------------
C _c -----------------------------------------------
C aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc 
51BUSRR SOURR 003.21052.49
52BUSRW SOURW 001.16042.17
53BUSRB SOURB 
C

BUS R SOURCE IMPEDANCE

C 
C 
C 
C 
C 
C 
C 
C
$VINTAGE, 1 
-1S_1_B TAP1_B 
-2S_1_R TAP1_R 
_3S_1_W TAP1_W 
-4 S_2_W TAP2_W 
-5S_2_R TAP2_R 
-6S_2_B TAP2_B 
SVINTAGE, 0

0.50471279 -0.
0.04365262 0.
0.31701143 -0.
0.00458051 0.
0.37433478 0.

-0.05211239 0.
0.50471279 -0.
0.04365262 0.
0.31701143 -0.
0.00458051 0.
0.37433478 0.

-0.05211239 0.
SVINTAGE, 1 
-1TAP1_BR_1_B 
-2TAP1_RR_1_R 
-3TAP1_WR_1_W 
-4TAP2 WR 2 W

DOUBLE CIRCUIT

with phasing:

5.22990E-01 
3.43001E-02 
2.70504E-02 
2.75653E-02 
2.81757E-02 
2.66620E-02

9.03291E+02 
3.29421E+02 
3.31519E+02 
2.80179E+02 
2.65075E+02 
2.4 4102E+02

1.97956E+05-3 
2.894 94E+05-3 
2.92635E+05-3 
2.95985E+05-3 
2.96567E+05-3 
2.96312E+05-3

47557429
01601035
00508102
03574299
52170050
00989821
47557429
01601035
00508102
03574299
52170050
00989821

-0.53367528
0.08523636

-0.35011507
-0.11683957
-0.26770142
0.00541869
0.53367528

-0.08523636
0.35011507
0.11683957
0.26770142

-0.00541869

-0.43490249
-0.07481895
0.21898693
0.02090083
0.50236778

-0.06705551
0.43490249
0.07481895

-0.21898693
-0.02090083
-0.50236778
0.06705551

0.29387841 
-0.01160212 
-0.58020279 
0.00084226 
0.27680567 
0.01560480 
0.29387841 -0. 

-0.01160212 -0. 
-0.58020279 0.
0.00084226 -0. 
0.27680567 -0. 
0.01560480 -0.

5.22990E-01 9.03291E+02 
3.4 3001E-02 3.2 94 21E + 02 
2.70504E-02 3.31519E+02 
2.75653E-02 2.80179E+02

1.97956E+05-7 
2.89494E+05-7 
2.92 635E + 05-7 
2.95985E+05-7

.00000E+01 1 

.00000E+01 1 

.00000E+01 1 

.00000E+01 1 

. 00000E+01 1 

.00000E+01 1

20301708
02726042
54524656
06325790
38805021
07850225
20301708
02726042
54524656
06325790
38805021
07850225

.00000E+01 1 

.00000E+01 1 

. 00000E+01 1 

. 00000E + 01 1
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-5TAP2_RR_2_R 
-6TAP2_BR_2_B 
SVINTAGE, 0 

0.50471279 
0.04365262 
0.31701143 
0.00458051 
0.37433478 

-0.05211239 
0.50471279 
0.04365262 
0.31701143 
0.00458051 
0.37433478 

-0.05211239

-0.47557429
0.01601035

-0.00508102
0.03574299
0.52170050
0.00989821

-0.47557429
0.01601035

-0.00508102
0.03574299
0.52170050
0.00989821

2.81757E-02 2.65075E+02 2.96567E+05-7.00000E + 01 1 
2.66620E-02 2.44102E+02 2.96312E+05-7.00000E+01 1

-0.53367528
0.08523636

-0.35011507
-0.11683957
-0.26770142
0.00541869
0.53367528

-0.08523636
0.35011507
0.11683957
0.26770142

-0.00541869

-0.43490249
-0.07481895
0.21898693
0.02090083
0.50236778

-0.06705551
0.43490249
0.07481895

-0.21898693
-0.02090083
-0.50236778
0.06705551

0.29387841
-0.01160212
-0.58020279
0.00084226
0.27680567
0.01560480
0.29387841

-0.01160212
-0.58020279
0.00084226
0.27680567
0.01560480

0.20301708
0.02726042

-0.54524656
0.06325790
0.38805021
0.07850225

-0.20301708
-0.02726042
0.54524656

-0.06325790
-0.38805021
-0.07850225

66

C
C
C
C
C
C

FAULT IMPEDANCE

aaaaaabbbbbbccccccddddddrrrrrrllllllcccccc
TAPI R 000.01 1

C
c
c------ --------------------------------------------------------------------------------
BLANK line ending all branches.
C ---------------------------------------------------------------------------------------
C SWITCHES
C ---------------------------------------------------------------------------------------
C
C12345678 
C 3.45678901234568E+77 
C aaaaaabbbbbbCCCCCCCCCCOOOOOOOOOO 
C - WORST CASE SWITCHING

BUSSR S 1_R -1. 1. 1
BUSSW S 1 W -1. 1. 1
BUSSB S 1_B -1. 1. 1

BUSSR S 2 R -1. 1 . 1
BUSSW S 2 W -1 . 1 . 1
BUSSB S_2_B -1. 1 . 1

BUSRR R 1 R -1 . 1 . 1
BUSRW R 1 W -1 . 1 . 1
BUSRB R_1_B -1. 1. 1

BUSRR R_2_R -1 . 1. 1
BUSRW R 2 W -1. 1. 1
BUSRB R 2 B -1. 1. 1

C
C
BLANK LINE ENDING SWITCHESc ---------------------------------------------------------------------------------------
C VOLTAGE SOURCES (1.0 p.u.)
C ---------------------------------------------------------------------------------------
C Name S Amplitude Frequency Phase A1 . Tstart Tstop
C aaaaaaCCmmmmmmmmmmffffffffffaaaaaaaaaa
14 SOUSR 269.. 4e3 50..0 0. 0 -1,. 0 1 .0
14SOUSW 269.. 4e3 50.,0 +240. 0 -1.. 0 1 .0
14SOUSB
c

269.. 4e3 50., 0 + 120. 0 -1.. 0 1 . 0

14SOURR 269. 4e3 50..0 000.0 0 -1.. 0 1 . 0
14SOURW 269. 4e3 50.,0 240.0 0 -1..0 1 .0
14 SOURB 269. 4e3 50..0 120.0 0 -1..0 1 .0
C
BLANK line ending requests for output variables. 
BLANK line terminating all plot lines.
BEGIN NEW DATA CASE
BLANK line ending all data cases.



Travelling Wave Simulation of the Sydney West - Bayswater 330kV Circuit

(example A phase to earth fault applied at 30% of the 100km line)
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Simulation of a Faulty Insulator on the Sydney West - Bayswater 330kV Circuit

(example red phase to earth discharge applied at 50% of a 100km line)
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