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RÉSUMÉ 

L'intérêt pour les câbles de transmission de puissance a augmenté au cours des dernières années 

avec des projets ayant lieu partout dans le monde. Cette tendance a motivé le développement de 

modèles de câble plus précis utilisés dans la simulation des transitoires électromagnétiques. Cette 

thèse aborde les différents domaines d'action associés à la modélisation et à la simulation des câbles 

à haute tension en courant alternative. 

Le premier champ d'action est la validation de modèles de câbles pour la simulation de transitoires 

électromagnétiques. La validation est basée sur des essais disponibles en tenant compte des 

différents paramètres et équipements. 

L’approche typique pour l'analyse des résultats d’essais consiste à extraire l'atténuation et la vitesse 

de l’onde ainsi que l'impédance caractéristique et à comparer ces valeurs à ceux du modèle. Cette 

approche permet de vérifier qu’un modèle de câble est précis, mais ne donne pas des indications 

sur les sources de divergence lorsque les résultats de l’essai et de la simulation ne sont pas en 

accord. 

Cette thèse présente une nouvelle approche pour la validation d'un modèle de câble pour la 

simulation des transitoires électromagnétiques, basée sur des résultats d’essais sur le terrain. 

L'innovation consiste à extraire les paramètres par unité de longueur du câble à partir des formes 

d'onde mesurées, plutôt que d'extraire seulement l'atténuation, la vitesse et l'impédance 

caractéristique. Ces données supplémentaires fournissent une base additionnelle pour l'analyse des 

résultats de l’essai et de la simulation.  

Le deuxième champ d'action de cette thèse est l'étude du phénomène de décharge naturelle des 

câbles. Bien que très peu d’essais de décharge se trouvent dans la littérature, ce phénomène est un 

sujet important pour les ingénieurs qui réalisent des tests sur des câbles à haute tension et pendant 

des travaux d'entretien. Récemment, le sujet de décharge a été le sujet de nouvelles considérations 

par certains gestionnaires de réseaux qui utilisent les câbles pour réguler la tension du réseau. Cette 

thèse contribue à l’étude des caractéristiques de décharge des câbles de type ‘papier imprégné 

d’huile sous pression’ à 275 kV. Les facteurs qui influent sur le phénomène, à savoir la capacité 

du câble, les résistances de fuite de l'isolation des câbles et des isolateurs externes, sont clairement 

identifiés et des valeurs typiques sont fournis. À partir de ces valeurs, le temps requis pour 

décharger un câble pour obtenir une tension en dessous des limites de sécurité (25 V selon IEC 
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60479-1) est calculé. Un facteur de correction pour tenir compte de l'impact de l'humidité relative 

de l'air sur la résistance de fuite des isolants externes est proposé. Les résultats de cette étude 

peuvent être appliqués pour la conception des protections de câble et l'évaluation de la nécessité 

d'installer un équipement de décharge. 

Le troisième champ d'action de cette thèse est l’étude des câbles à écrans transposés. Les longs 

câbles à haute tension en courant alternatif ont souvent des écrans transposés et mis à la terre pour 

maximiser la performance du câble et empêcher le claquage de son isolation. Le comportement des 

systèmes à écrans transposés est plus complexe que dans les cas sans transposition à cause des 

réflexions crées aux points de jonction des écrans. Des équivalents homogènes peuvent être utilisés 

pour permettre la modélisation des câbles indépendamment du nombre de sections et ainsi 

surmonter les problèmes de simulation des systèmes avec un nombre élevé de sections.  

Dans cette thèse, les différences entre les méthodes appliquées de transposition de câbles sont 

d’abord présentées et l'impact de la mise à la terre et de la transposition des écrans sur les 

caractéristiques de propagation du câble analysé. Des modèles de câbles à écrans transposés 

utilisant des équivalents homogènes sont comparés. En particulier, il est démontré qu'une 

représentation par équivalent homogène n’est pas suffisamment précise ni dans le domaine 

temporel, ni dans le domaine de la fréquence, car un tel modèle ne peut pas tenir compte de la 

superposition des différents modes créés par des courants circulant dans les écrans et qui affectent 

la réponse du câble. Une méthode générale pour le calcul des caractéristiques de propagation des 

systèmes de transmission non homogènes, y compris les câbles à écrans transposes, est démontrée 

dans cette thèse. La méthode utilise seulement la réponse en circuit ouvert du câble étudié. Enfin, 

une méthode à un seul terminal pour localiser des défauts dans des câbles à écrans transposés est 

aussi présentée. La méthode utilise la réponse en fréquence et la vitesse de propagation du câble. 

Cette étude de câbles à écrans transposés peut être utile dans des simulations de transitoires 

électromagnétiques, des études harmoniques et dans la localisation des défauts dans les câbles à 

haute tension en courant alternatif. 

Les différentes études présentées dans cette thèse sont basées sur les caractéristiques modales de 

propagation, ainsi que sur les réponses dans les domaines temporel et fréquentiel des câbles. Des 

essais de terrain effectués par RTE-France et par National Grid (UK) fournissent la base de 

validation avec le logiciel EMTP. 
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ABSTRACT 

The interest towards power transmission cables has increased in the recent years with projects 

taking place all over the world. This trend has motivated research for better understanding of 

phenomena associated with cables as well for more accurate cable models used in the simulation 

of electromagnetic transients (EMTs). This thesis addresses the different fields of action associated 

with the modeling and simulation of HVAC cables.  

The first field of action is the validation of cable models for the simulation of EMT’s. The most 

reliable validation method is based on comparison with field test results performed on actual cable 

system. Typically, the analysis of field test results consists of extracting the wave attenuation, 

velocity and surge impedance and comparing to those of the cable model. Although this approach 

allows verifying the cable model, it gives little insight into the sources of divergence when field 

test and simulations do not agree. This thesis presents a new method for validating a cable model 

for simulation of EMT’s based on surge field test results. The innovation consists of extracting per-

unit-length (PUL) cable parameters from the measured waveforms, rather than simply extracting 

attenuation, velocity and characteristic impedance. This approach provides a broader base for 

analyzing field test and simulation results.  

The second field of action is the study of cable natural discharge. Although very few test results of 

cable charging and discharging can be found in the literature, this phenomenon is a matter of 

concern to cable engineers particularly when performing tests and during maintenance work. 

Recently, the charging/discharging phenomenon has received renewed consideration from utilities 

when using high-voltage (HV) cables for voltage control during periods of light load which requires 

nightly switching of cables. This thesis investigates discharging characteristics of 275 kV POF 

cables based on field and laboratory tests. The factors affecting the phenomenon, i.e. cable 

capacitance, leakage resistances of cable insulation and external insulators, are identified and 

typical values are provided. From these values, the time required to discharge a cable to safe voltage 

limits (25 V according to IEC 60479-1) is calculated. A correction factor to account for the impact 

of relative air humidity on the leakage resistance of external insulators is proposed. The results of 

this study can be applied to the design of cable protections and to evaluate the need for special 

discharge equipment. 
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The third field of action is the investigation of cross-bonded cables. Long HVAC cables have their 

sheaths cross-bonded and grounded to improve cable performance and prevent breakdown of cable 

insulation. The response of cross-bonded systems is more complicated compared to no-bonding 

systems because the sheaths change phase throughout the cable route and because bonding points 

create complicated traveling wave phenomena. To overcome the computational burden of 

simulating long cross-bonded systems, homogeneous equivalents can be used to enable modeling 

of cross-bonded cables independently of the number of major sections. In this thesis, the differences 

between alternative bonding methods are highlighted and studied. The impact of sheath grounding 

and sheath cross-bonding on the propagation characteristics of the cable is explained. Alternative 

models for cross-bonded systems, using homogeneous equivalents are compared. It is shown that 

a full homogeneous equivalent cannot accurately model a cross-bonded cable neither in time 

domain nor in frequency domain because it cannot account for mode superposition caused by 

currents circulating in the sheaths. A general method for calculating the propagation characteristics 

of cross-bonded cables, is proposed. The method uses only the open-circuit response of the system. 

Finally, a single-terminal method to locate faults in cross-bonded cables based on frequency 

response and characteristic wave velocity is demonstrated.  

The different analysis presented in this thesis are based on the modal propagation characteristics, 

time-domain and frequency-domain responses of the different cable systems. Field tests carried out 

by RTE-France and by National Grid (UK) are used to validate EMTP simulations.  

 



ix 

 

TABLE OF CONTENTS 

DEDICATION .............................................................................................................................. III 

ACKNOWLEDGEMENTS .......................................................................................................... IV 

RÉSUMÉ ........................................................................................................................................ V 

ABSTRACT .................................................................................................................................VII 

TABLE OF CONTENTS .............................................................................................................. IX 

LIST OF TABLES ..................................................................................................................... XIII 

LIST OF FIGURES ..................................................................................................................... XV 

LIST OF SYMBOLS AND ABBREVIATIONS..................................................................... XXV 

LIST OF APPENDICES ........................................................................................................ XXVII 

CHAPTER 1 INTRODUCTION ............................................................................................... 1 

1.1 Motivation ........................................................................................................................ 1 

1.2 Contributions .................................................................................................................... 3 

1.3 Thesis outline ................................................................................................................... 5 

CHAPTER 2 THEORETICAL BACKGROUND .................................................................... 6 

2.1 Single-phase theory .......................................................................................................... 7 

2.2 Multi-phase theory ......................................................................................................... 11 

2.3 Identification of modal components ............................................................................... 13 

2.3.1 Single-phase single-core cable ................................................................................... 13 

2.3.2 Three-phase single-core cable .................................................................................... 14 

2.3.3 Pipe-type cable ........................................................................................................... 16 

2.4 Modal velocity and attenuation ...................................................................................... 17 

2.4.1 Three-phase single-core cable .................................................................................... 17 

2.4.2 Pipe-type cable ........................................................................................................... 20 



x 

 

2.5 Frequency-domain responses ......................................................................................... 22 

2.5.1 Core energisation ........................................................................................................ 23 

2.5.2 Sheath and pipe energisation ...................................................................................... 26 

2.6 Time-domain responses .................................................................................................. 30 

2.7 Conclusion ...................................................................................................................... 33 

CHAPTER 3 FIELD TESTS ON UNDERGROUND CABLES ............................................ 34 

3.1 Surge test on RTE 225 kV cross-bonded cable .............................................................. 34 

3.1.1 Testing on a minor section ......................................................................................... 40 

3.1.2 Testing on a major section ......................................................................................... 50 

3.2 Energising test on RTE 225 kV cross-bonded cable ...................................................... 58 

3.2.1 Energising from Boutre substation ............................................................................. 59 

3.2.2 Energising from Trans substation .............................................................................. 60 

3.3 Discharge test of a 275 kV pipe-type pressurized oil-filled cable in Japan ................... 61 

3.3.1 Test setup and cable data ............................................................................................ 62 

3.3.2 Measured discharge voltage ....................................................................................... 64 

3.4 Laboratory test of leakage currents, cable in Japan ....................................................... 66 

3.4.1 Test setup and cable sample ....................................................................................... 66 

3.4.2 Measured leakage currents ......................................................................................... 66 

3.5 Discharge test of National Grid, UK 275 kV oil-filled cable ......................................... 68 

3.5.1 Test setup and cable data ............................................................................................ 69 

3.5.2 Measured discharge voltage ....................................................................................... 69 

3.6 Conclusion ...................................................................................................................... 72 

CHAPTER 4 CALCULATION OF CABLE PER-UNIT-LENGTH PARAMETERS FROM 

FIELD TEST RESULTS ............................................................................................................... 74 



xi 

 

4.1 Evaluating the per-unit-length resistance, inductance and capacitance from surge 

measurements ............................................................................................................................. 75 

4.1.1 Calculation of lumped parameters for equivalent circuits ......................................... 75 

4.1.2 Calculation of per-unit-length parameters from equivalent circuits .......................... 77 

4.1.3 Calculation of a transformation matrix ...................................................................... 77 

4.1.4 Application to the surge test carried out by RTE ....................................................... 78 

4.2 Evaluating the cable insulation leakage resistance from discharge test measurements . 84 

4.2.1 Cable parameters ........................................................................................................ 85 

4.2.2 Insulator parameters and leakage current ................................................................... 86 

4.2.3 Formula and typical values of discharge time constant ............................................. 87 

4.2.4 Correction factor for humidity ................................................................................... 88 

4.3 Conclusion ...................................................................................................................... 89 

CHAPTER 5 SIMULATION OF FIELD TESTS ................................................................... 90 

5.1 Surge test on the RTE 225 kV cross-bonded cable ........................................................ 90 

5.1.1 Data input for cable data calculation function ........................................................... 90 

5.1.2 Simulation of field tests on a minor section ............................................................... 92 

5.1.3 Simulation of field tests on a major section ............................................................... 97 

5.2 275 kV pipe-type pressurized-oil-filled cable in Japan ................................................ 102 

5.3 National Grid, UK 275 kV oil-filled cable ................................................................... 104 

5.4 Conclusion .................................................................................................................... 106 

CHAPTER 6 CROSS-BONDED CABLES .......................................................................... 107 

6.1 Comparison between different bonding methods ......................................................... 107 

6.1.1 Propagation characteristics of different bonding schemes ....................................... 108 

6.1.2 Frequency-domain responses ................................................................................... 114 

6.1.3 Time-domain responses ............................................................................................ 118 



xii 

 

6.2 Impact of non-uniformities in cross-bonded cables ..................................................... 119 

6.2.1 Impact of sheath grounding ...................................................................................... 119 

6.2.2 Impact of sheath cross-bonding ................................................................................ 127 

6.3 Modeling of cross-bonded cables ................................................................................. 129 

6.3.1 Alternative models ................................................................................................... 130 

6.3.2 Frequency responses ................................................................................................ 131 

6.3.3 Time responses ......................................................................................................... 133 

6.3.4 Simulation of a field test .......................................................................................... 134 

6.3.5 Performances of different cable models ................................................................... 135 

6.4 Application of frequency responses for calculation of propagation constants of cross-

bonded cables ........................................................................................................................... 136 

6.5 Application of frequency responses for fault location in crossbonded cables ............. 138 

6.6 Conclusion .................................................................................................................... 142 

CHAPTER 7 CONCLUSION AND RECOMMENDATIONS ............................................ 144 

7.1 Summary of this thesis ................................................................................................. 144 

7.2 Future work .................................................................................................................. 147 

REFERENCES ............................................................................................................................ 149 

 

 



xiii 

 

LIST OF TABLES 

Table 3.1 Data of a 230 kV overhead line with 100 km length. .................................................... 11 

Table 3.2 Data of a single-core cable. ............................................................................................ 18 

Table 3.3 Data of a pipe-type cable. ............................................................................................... 20 

Table 3.4 Modal attenuations and velocities for three-phase single-core and pipe-type cables 

computed at 100 kHz. ............................................................................................................. 22 

Table 3.5 Resonant frequencies and input impedance of 1 km and 10 km cables for different 

energising schemes, in open-circuit and short-circuit (single-core and pipe-type cables). .... 26 

Table 3.6 Resonant frequencies and input impedances of single-core and pipe-type cables for 

different sheath and pipe energising. ...................................................................................... 29 

Table 3.7 Length of minor sections in the RTE 225 kV cable. ...................................................... 36 

Table 3.8. Data for RTE 225 kV cable [20]. .................................................................................. 38 

Table 3.9. Data of 275 kV PT-POF cable in Japan [21],[52] ......................................................... 63 

Table 3.10. Data of 275 kV POF cable in U.K [28] ....................................................................... 69 

Table 3.11. RLC parameters calculated from field test results and from EMTP-RV cable model 

data calculation function (CMDCF) [20]. .............................................................................. 84 

Table 3.12. Properties of Cable Insulation Material [52],[54]-[56]. .............................................. 86 

Table 3.13. Leakage Resistance and Current in 275 kV Cables [52]. ............................................ 86 

Table 3.14. Insulator surface resistance per mm of leakage distance (kΩ/mm) [52],[59]. ............ 87 

Table 3.15. Typical Resistance and Leakage Current at Nominal Voltage of 275kV insulators [52].

 ................................................................................................................................................ 87 

Table 3.16. Typical discharge time constants for 275 kV 20 km cable with cable sealing end [52].

 ................................................................................................................................................ 88 

Table 6.1 Field test and simulation results on the RTE 225 kV cable, minor section [20]. ........... 93 

Table 6.2. Field test and simulation results on the RTE 225 kV cable, major section [20]. .......... 97 

Table 6.3. Data for the Resistance R(t) in the circuit of Figure 6.21 [52]. .................................. 105 



xiv 

 

Table 7.1 Data of a three-phase underground cable [51]. ............................................................ 109 

Table 7.2 Attenuation and velocity of propagation modes for different bonding schemes, 50 Hz.

 .............................................................................................................................................. 112 

Table 7.3 Attenuation and velocity of propagation modes for different bonding schemes, 1 MHz.

 .............................................................................................................................................. 112 

Table 7.4 Resonant frequencies in open-circuit [kHz] [51] ......................................................... 118 

Table 7.5 Data for an overhead transmission line with one shield wire. ..................................... 121 

Table 7.6 Data of an underground cable. ..................................................................................... 123 

Table 7.7. Inter-core and inter-sheath mode impedances of a cross-bonded cable at 166.7 kHz.129 

Table 7.8 Relative CPU time for simulating different models of a cross-bonded cable having 17 

major sections. ...................................................................................................................... 136 

Table 7.9. Measured frequencies and calculated velocities for fault detection on a cable with 6 

major sections and 18 km [51]. ............................................................................................ 140 

  



xv 

 

LIST OF FIGURES 

Figure 3.1 Model of an infinitesimal length of transmission line. ................................................... 7 

Figure 3.2 PI-equivalent model of a transmission line. .................................................................... 9 

Figure 3.3 Positive sequence impedance of a 230 kV 100 km overhead line. ............................... 11 

Figure 3.4 Propagation modes in a single-phase single-core cable. ............................................... 13 

Figure 3.5 Propagation modes in a three-phase single-core cable. ................................................ 15 

Figure 3.6 Pipe-return and earth-return modes in three-phase pipe-type cable. ............................ 17 

Figure 3.7 Three-phase single-core underground cable. ................................................................ 18 

Figure 3.8 Modal attenuation constants of a three-phase single-core cable. .................................. 19 

Figure 3.9 Modal velocities of a three-phase single-core cable. .................................................... 19 

Figure 3.10 Three-phase pipe-type cable. ...................................................................................... 20 

Figure 3.11 Modal attenuation constants for a three-phase pipe-type cable.  ................................ 21 

Figure 3.12 Modal velocities for a three-phase pipe-type cable.  .................................................. 21 

Figure 3.13 Circuits for core energising in a single-core cable in frequency domain. The dash line 

is used to short-circuit the cores at the receiving end. ........................................................... 23 

Figure 3.14 Open-circuit response to different core energising on 1 km cable (valid for both single-

core and pipe-type systems). .................................................................................................. 25 

Figure 3.15 Open-circuit response to zero-sequence core excitation on 10 km cable (valid for both 

single-core and pipe-type systems). ....................................................................................... 25 

Figure 3.16 Short-circuit response to zero-sequence core excitation on 1 km cable (valid for both 

single-core and pipe-type).  .................................................................................................... 25 

Figure 3.17 Circuits for studying the frequency response to different sheath energising of single-

core and pipe-type cables. ...................................................................................................... 26 

Figure 3.18 Circuit for pipe energising of a pipe-type cable. ........................................................ 27 

Figure 3.19 Alternative three-phase inter-sheath energising of a single-core cable. ..................... 27 



xvi 

 

Figure 3.20 Responses of a 1 km single-core cable to different sheath excitations. Receiving end 

sheaths in open-circuit.  .......................................................................................................... 28 

Figure 3.21 Response of 1 km length pipe-type cable to different sheath and pipe excitations. 

Receiving end sheaths and pipe in open-circuit.  ................................................................... 28 

Figure 3.22 Receiving end voltages for energising of a 10 km cable from a 225 kV infinite power 

network. .................................................................................................................................. 31 

Figure 3.23 Sending end currents for energising of a 10 km cable from a 225 kV infinite power 

network. .................................................................................................................................. 31 

Figure 3.24 Receiving end voltages for energising of a 10 km cable from a 225 kV finite power 

network.  ................................................................................................................................. 32 

Figure 3.25 Sending end currents for energising of a 10 km cable using a 225 kV source of finite 

power.  .................................................................................................................................... 32 

Figure 3.26 Minor and major sections of the RTE 225 kV cable used in the surge field test [20].

 ................................................................................................................................................ 35 

Figure 3.27 Layout of a terminal major section of the RTE 225 kV cable. ................................... 35 

Figure 3.28 Layout of an intermediate major section of the RTE 225 kV cable. .......................... 35 

Figure 3.29 Sample of the RTE 225 kV cable with 2000 mm² enamelled copper cores. .............. 37 

Figure 3.30 Layout of one phase of the RTE 225 kV cable [20]. .................................................. 37 

Figure 3.31 Layout of the three phases of the RTE 225 kV cable buried on earth [20]. ............... 37 

Figure 3.32 Haefely Axos 5 impulse generator and WaveJet 324A oscilloscope. ........................ 39 

Figure 3.33 PHV1000 voltage probe and Pearson 110 current probe. ........................................... 39 

Figure 3.34 Sending and receiving end sites for surge field test of a minor section of the RTE 

225 kV cable. .......................................................................................................................... 39 

Figure 3.35 Sending and receiving end sites for surge field test of a major section of the RTE 

225 kV cable. .......................................................................................................................... 40 

Figure 3.36 Field test circuits for core-to-ground application on a minor section: a) sheaths open; 

b) sheaths grounded. ............................................................................................................... 41 



xvii 

 

Figure 3.37 Sending end sheath voltage for core-to-ground surge application on a minor section.

 ................................................................................................................................................ 41 

Figure 3.38 Surge test circuit for core-to-sheath application on a minor section [20]. .................. 42 

Figure 3.39 Sending end core voltage for core-to-sheath surge application on a minor section. .. 43 

Figure 3.40 Sending end core current for core-to-sheath surge application on a minor section. ... 43 

Figure 3.41 Receiving end core voltage for core-to-sheath surge application on a minor section.43 

Figure 3.42 Surge test circuit for two-phase inter-sheath application on a minor section. ............ 44 

Figure 3.43 Sending end current for 2-phase inter-sheath surge application on a minor section. . 44 

Figure 3.44 Sending end voltage for 2-phase inter-sheath surge application on a minor section. . 45 

Figure 3.45 Receiving end voltages for 2-phase inter-sheath surge application on a minor section.

 ................................................................................................................................................ 45 

Figure 3.46 Surge test circuit for three-phase inter-sheath application on a minor section [20]. .. 46 

Figure 3.47 Sending end current for 3-phase inter-sheath surge application on a minor section. . 46 

Figure 3.48 Sending end voltages for 3-phase inter-sheath surge application on a minor section.

 ................................................................................................................................................ 46 

Figure 3.49 Receiving end voltages for 3-phase inter-sheath surge application on a minor section.

 ................................................................................................................................................ 47 

Figure 3.50 Surge test circuit for zero-sequence sheath application on a minor section with 

receiving end grounded [20]. ................................................................................................. 47 

Figure 3.51 Sending end current for zero-sequence surge application on the sheaths of a minor 

section with the receiving end grounded. ............................................................................... 48 

Figure 3.52 Surge test circuit for zero-sequence sheath application on a minor section with 

receiving end open. ................................................................................................................ 48 

Figure 3.53 Receiving end voltages for surge application on one sheath of a minor section with the 

receiving end in open-circuit. ................................................................................................. 49 



xviii 

 

Figure 3.54 Receiving end voltages for surge application on two sheaths of a minor section with 

the receiving end in open-circuit. ........................................................................................... 49 

Figure 3.55 Receiving end voltages for surge application on three sheaths of a minor section with 

the receiving end in open-circuit. ........................................................................................... 49 

Figure 3.56 Surge test circuit for core-to-sheath application on a major section [20]. .................. 50 

Figure 3.57 Sending end current for core-to-sheath surge application on a major section. ........... 51 

Figure 3.58 Sending end voltage for core-to-sheath surge application on a major section. .......... 51 

Figure 3.59 Surge test circuit for two-phase inter-sheath application on a major section. ............ 52 

Figure 3.60 Sending end current for surge application between phase-8 and phase-4 sheaths of a 

major section. ......................................................................................................................... 52 

Figure 3.61 Sending end core voltages for surge application between phase-8 and phase-4 sheaths 

of a major section. .................................................................................................................. 52 

Figure 3.62 Sending end sheath voltages for surge application between phase-8 and phase-4 sheaths 

of a major section. .................................................................................................................. 53 

Figure 3.63 Sending end current for surge application between phase-0 and phase-4 sheaths of a 

major section. ......................................................................................................................... 53 

Figure 3.64 Sending end core voltages for surge application between phase-0 and phase-4 sheaths 

of a major section. .................................................................................................................. 53 

Figure 3.65 Sending end sheath voltages for surge application between phase-0 and phase-4 sheaths 

of a major section. .................................................................................................................. 54 

Figure 3.66 Sending end current for surge application between phase-8 and phase-0 sheaths of a 

major section. ......................................................................................................................... 54 

Figure 3.67 Sending end core voltages for surge application between phase-8 and phase-0 sheaths 

of a major section. .................................................................................................................. 54 

Figure 3.68 Sending end sheath voltages for surge application between phase-8 and phase-0 sheaths 

of a major section. .................................................................................................................. 55 

Figure 3.69 Surge test circuit for three-phase inter-sheath application on a major section. .......... 55 



xix 

 

Figure 3.70 Sending end current for surge application between the three sheaths of a major section.

 ................................................................................................................................................ 56 

Figure 3.71 Sending end core voltages for surge application between the three sheaths of a major 

section. .................................................................................................................................... 56 

Figure 3.72 Sending end sheath voltages for surge application between the three sheaths of a major 

section. .................................................................................................................................... 56 

Figure 3.73 Surge test circuit for zero-sequence sheath application on a major section. .............. 57 

Figure 3.74 Sending end sheath voltages for zero-sequence surge application to the sheaths of a 

major section for different sheath terminations. ..................................................................... 58 

Figure 3.75 Sending end currents for zero-sequence surge application to the sheaths of a major 

section for different sheath terminations. ............................................................................... 58 

Figure 3.76 Field test circuit for energising the RTE 225 kV cable [51]. ...................................... 59 

Figure 3.77 Currents and voltages during energising of RTE 225 kV cable from the substation of 

Boutre. .................................................................................................................................... 59 

Figure 3.78 Initial transient currents during energising of RTE 225 kV cable from the substation of 

Boutre. .................................................................................................................................... 60 

Figure 3.79 Initial transient voltages during energising of RTE 225 kV cable from the substation 

of Boutre. ................................................................................................................................ 60 

Figure 3.80 Currents and voltages during energising of RTE 225 kV cable from the substation of 

Trans. ...................................................................................................................................... 61 

Figure 3.81 Initial transient currents during energising of RTE 225 kV cable from the substation of 

Trans. ...................................................................................................................................... 61 

Figure 3.82 Estimated circuit for field testing on a 275 kV PT-POF cable in Japan [52]. ............ 64 

Figure 3.83 Field test of 275kV PT-POF cable in Japan (reproduced with permission from the 

measured result in [21]). ......................................................................................................... 65 

Figure 3.84 Measured leakage currents (reproduced with permission from the measurement results 

in [22]).  .................................................................................................................................. 68 



xx 

 

Figure 3.85 Voltage of model cable of 1 mm thick insulation during discharge test for different 

values of initial applied voltage and temperature [52]. .......................................................... 68 

Figure 3.86 Layout of 275kV POF cable in the UK [28]. .............................................................. 69 

Figure 3.87 Test results of discharge voltage, 275 kV POF cable, courtesy of National Grid, UK 

[52]. ........................................................................................................................................ 71 

Figure 3.88 Test results of Figure 3.87, logarithmic scale, courtesy of National Grid, UK [52]. . 71 

Figure 3.89 Temperature, humidity and absolute pressure measured during the field test by 

National Grid, UK (courtesy of National Grid) [52]. ............................................................. 72 

Figure 3.90 L-equivalent circuit (RLC circuit) model for cable [20]. ............................................ 75 

Figure 3.91 Comparison of field test result of coaxial mode current with the response of RLC 

equivalent circuit. ................................................................................................................... 79 

Figure 3.92 Coaxial mode currents using L-equivalent and CP models [20]. ............................... 80 

Figure 3.93 Comparison of field test result of inter-sheath mode current with the response of RLC 

equivalent circuit.  .................................................................................................................. 81 

Figure 3.94 Comparison of field test result of earth-return mode current with the response of RLC 

equivalent circuit.  .................................................................................................................. 82 

Figure 3.95 Comparison of a coaxial mode current for an L-equivalent model, a constant-parameter 

(CP) model using the transformation matrix by the cable parameter calculation routine (CC) 

and a CP model with a corrected transformation matrix [20].  .............................................. 83 

Figure 6.1 Field test setup for coaxial mode excitation in a minor section of the RTE 225 kV cable 

[20]. ........................................................................................................................................ 94 

Figure 6.2 Field test and simulation results of coaxial mode current [20].  ................................... 94 

Figure 6.3 Field test and simulation results of receiving end voltage for coaxial mode excitation in 

minor section [20].  ................................................................................................................ 95 

Figure 6.4 Field test setup for inter-sheath excitation in a minor section [20]. ............................. 95 

Figure 6.5 Field test and simulation results of sheath current for inter-sheath mode excitation in a 

minor section [20].  ................................................................................................................ 96 



xxi 

 

Figure 6.6 Field test and simulation results of receiving end sheath voltage for inter-sheath mode 

excitation in a minor section [20].  ......................................................................................... 96 

Figure 6.7 Field test setup for earth-return mode excitation in a minor section [20]. .................... 97 

Figure 6.8 Field test and simulation results of sending end current for earth-return mode excitation 

in a minor section [20].  ......................................................................................................... 97 

Figure 6.9 Field test setup for coaxial mode excitation in a major section [20]. ........................... 98 

Figure 6.10 Field test and simulation results of core voltage for coaxial mode excitation on a major 

section [20]. ............................................................................................................................ 98 

Figure 6.11 Field test and simulation results of IG current for coaxial mode excitation on a major 

section [20]. ............................................................................................................................ 99 

Figure 6.12 Field test setup for inter-sheath excitation in a major section [20]. ............................ 99 

Figure 6.13 Field test and simulation results of phase-4 core voltage for inter-sheath excitation 

between phases 0 and 4 in a major section [20].  ................................................................. 100 

Figure 6.14 Field test and simulation results of phase-4 sheath voltage for inter-sheath excitation 

between phases 0 and 4 in a major section [20].  ................................................................. 100 

Figure 6.15 Field test and simulation results of IG current for inter-sheath excitation between 

phases 0 and 4 in a major section [20].  ............................................................................... 101 

Figure 6.16 Field test setup for earth-return mode excitation in a major section [20]. ................ 101 

Figure 6.17 Field test and simulation results of sheath voltage for earth-return mode excitation in 

a major section with sheaths short-circuited [20].  ............................................................... 102 

Figure 6.18 Field test and simulation results of IG current for earth-return mode excitation in a 

major section with sheaths short-circuited [20].  ................................................................. 102 

Figure 6.19 Circuit for simulation of field test in Figure 3.82 [52]. ............................................ 104 

Figure 6.20 Simulation of charging/discharging voltage [52]. .................................................... 104 

Figure 6.21 Circuit for simulation of discharging of a 275kV POF-cable in the UK [52]. ......... 106 

Figure 6.22 Simulation of discharge of a POF-cable in the UK [52]. .......................................... 106 



xxii 

 

Figure 7.1 Power cable bonding schemes. ................................................................................... 108 

Figure 7.2 Layout of the cable [51]. ............................................................................................. 109 

Figure 7.3 Mode attenuation for different bonding schemes. ...................................................... 113 

Figure 7.4 Mode velocity for different bonding schemes. ........................................................... 114 

Figure 7.5 Circuit for positive-sequence energising of N major sections. The dashed line represents 

the short-circuit termination of cores. .................................................................................. 114 

Figure 7.6 Open-circuit input impedance for positive-sequence excitation in 1 major section with 

normal-bonded sheaths. ........................................................................................................ 115 

Figure 7.7 Open-circuit input impedance for positive-sequence excitation in 1 major section with 

cross-bonded sheaths. ........................................................................................................... 116 

Figure 7.8 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

the Kirke-Searing bonding method. ..................................................................................... 116 

Figure 7.9 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

same-sense cross-bonding method.  ..................................................................................... 116 

Figure 7.10 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

counter-sense cross-bonding.  .............................................................................................. 117 

Figure 7.11 Input impedance for positive-sequence excitation of 18 major sections (54 km) with 

cross-bonded sheaths [51].  .................................................................................................. 117 

Figure 7.12 Phase-b receiving end voltage for energization of 18 major sections (54 km) with a 

225 kV balanced infinite power network [51]. .................................................................... 119 

Figure 7.13 Circuits for energising an overhead line having a shield wire. ................................. 121 

Figure 7.14 Zero-sequence and inter-phase attenuation of an overhead line with one shield wire for 

regular and irregular separation between towers. ................................................................. 121 

Figure 7.15 Zoomed characteristics of zero-sequence and inter-phase attenuation of an overhead 

line with one shield wire for regular and irregular separation between towers.  ................. 122 

Figure 7.16 Zero-sequence and inter-phase attenuation of a normal-bonded cable with the sheaths 

grounded at each major section.  .......................................................................................... 123 



xxiii 

 

Figure 7.17 Zero-sequence attenuation of a cross-bonded cable.  ............................................... 124 

Figure 7.18 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

regular lengths (400 m, 400 m, 400 m).  .............................................................................. 125 

Figure 7.19 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

irregular lengths (350 m, 500 m, 350 m).  ............................................................................ 125 

Figure 7.20 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

irregular lengths (300 m, 600 m, 300 m).  ............................................................................ 126 

Figure 7.21 Two-phase and three-phase inter-sheath excitation of N major sections. ................ 127 

Figure 7.22 Short-circuit input impedance for two-phase inter-sheath excitation in a cross-bonded 

cable.  ................................................................................................................................... 128 

Figure 7.23 Short-circuit input impedance for three-phase inter-sheath excitation in a cross-bonded 

cable.  ................................................................................................................................... 128 

Figure 7.24 Model 1 for a cable with N major sections – discrete modeling of each major section 

[51]. ...................................................................................................................................... 130 

Figure 7.25 Model 2 for a cable with N major sections – each major section modeled with a 

homogeneous equivalent [51]. ............................................................................................. 131 

Figure 7.26 Model 3 for a cable with N major sections – discrete modeling of terminal major 

sections only [51]. ................................................................................................................ 131 

Figure 7.27 Model 4 for a cable with N major sections – discrete modeling of 2 major sections at 

each terminal [51]. ................................................................................................................ 131 

Figure 7.28 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 1 in Figure 7.24 [51]. .............................................................................. 132 

Figure 7.29 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 2 in Figure 7.25 [51].  ............................................................................. 132 

Figure 7.30 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 3 in Figure 7.26 [51].  ............................................................................. 133 



xxiv 

 

Figure 7.31 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 4 in Figure 7.27 [51].  ............................................................................. 133 

Figure 7.32 Receiving end phase-b voltage for 3-phase excitation of 17 major sections (64 km) for 

energising from a balanced network of infinite power [51]. ................................................ 134 

Figure 7.33 Field test and simulation results of three-phase currents and voltages in a cross-bonded 

cable [51].  ............................................................................................................................ 135 

Figure 7.34 Propagation velocities calculated from the frequency scan of open-circuit response of 

normal-bonded and cross-bonded cables [51]. ..................................................................... 138 

Figure 7.35 Simulated frequency response (magnitude of input impedance) of a cross-bonded cable 

with 6 major sections with a fault placed at 3 different locations [51]. ............................... 141 

Figure 7.36 Simulated frequency response (angle of input impedance) of a cross-bonded cable with 

6 major sections with a fault placed at 3 different locations [51].  ...................................... 141 

Figure 7.37 Sending end current for phase-to-phase short-circuit in a 225 kV cable with 18 major 

sections. ................................................................................................................................ 142 

Figure A.1 One-phase single-core cable composed of core and sheath. ...................................... 159 

Figure A.2 Three-phase single-core underground cable. ............................................................. 159 

Figure A.3 Underground pipe-type cable. .................................................................................... 164 

Figure A.4 Three-phase single-core cable buried inside high-density poly-ethylene tubes. ....... 172 

 



xxv 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

   Per-unit-length wave attenuation 

AC  Alternate current 

   Per-unit-length phase shift 

c    Wave velocity 

C   Per-unit-length shunt capacitance 

CIGRÉ Conseil International des Grands Réseaux Électriques 

CMDCF Cable model data calculation function 

DC  Direct current 

EMT  Electromagnetic transients 

EMTP-RV Electromagnetic Transients Program, Revised Version 

EPDM  Ethylene propylene diene monomer 

EPR  Ethylene propylene rubber 

ESDD  Equivalent salt deposit density  

0f   Fundamental resonant frequency 

G   Per-unit-length shunt conductance 

   Per-unit-length propagation factor 

Λ   Matrix of modal per-unit-length propagation factors 

HDPE  High-density poly-ethylene 

HV  High voltage 

HVAC  High-voltage, alternate current 

IEEE  Institute of Electrical and Electronics Engineers 

IEC  International Electrotechnical Commission 

L   Per-unit-length series inductance 



xxvi 

 

   Electromagnetic wavelength 

OF  Oil-filled 

OHL  Overhead line 

POF  Pressurized-oil-filled 

PT  Pipe-type 

PUL  Per-unit-length 

R   Per-unit-length series resistance 

RC    Parallel resistive-capacitive lumped circuit 

RLC    Resistive-inductive-capacitive lumped circuit 

RTE  Réseaux de Transport d’Electricité 

SC  Single-core 

    Propagation time delay 

iT   Current transformation matrix 

TSO  Transmission system operator 

vT   Voltage transformation matrix 

XLPE  Cross-linked poly-ethylene 

Y    Per-unit-length shunt admittance 

Z    Per-unit-length series impedance 

cZ   Characteristic impedance 

inZ   Input impedance 

 



xxvii 

 

LIST OF APPENDICES  

APPENDIX A – CALCULATION OF CABLE PER-UNIT-LENGTH PARAMETERS IN EMTP-

RV ........................................................................................................................................ 158 

APPENDIX B – SCALING FACTOR BETWEEN THE RESISTANCE OF LUMPED- AND 

DISTRIBUTED- PARAMETER CIRCUITS ...................................................................... 173 

APPENDIX C – LIST OF PUBLICATIONS .............................................................................. 175 



1 

CHAPTER 1 INTRODUCTION 

1.1 Motivation 

The interest towards power transmission cables has increased in the recent years with projects 

taking place all over the world [1]-[6]. For example, Denmark plans to entirely underground the 

132-150 kV grid [3]. France is another notable case with a number of projects undergoing and 

planned for the next ten years for reinforcing the connection to peripheral regions [5], linking to 

off-shore wind parks and for interconnecting to neighbour countries [6].  

This trend has motivated the development of more accurate cable models for computer simulation 

[7],[9]-[14] used for electromagnetic transient (EMT) studies, cable fault location and harmonic 

studies. Accurate simulations require adequate models that account for the frequency dependency 

of cable’s per-unit-length (PUL) parameters. Equation Chapter (Next) Section 1 

Sophisticated cable/line models have been developed in the recent years [7],[9]-[14]. In some cases, 

the models are compared based on simulations only [7],[12]. A more reliable validation is based 

on comparison with field test results performed on the real cable system [8],[10],[14]-[20]. 

Typically, the analysis of field test results consists of extracting wave attenuation, velocity and 

surge impedance, and comparing to those of the cable model. Only rarely, the field test results are 

used to estimate the PUL parameters [17],[18],[20]. 

Although very few test results of cable charging and discharging can be found in the literature [21]-

[23] this phenomenon has been a concern to cable engineers specially when performing tests and 

during maintenance work [1],[24]-[27]. Recently, the charging/discharging phenomenon has 

received renewed attention from utilities when using high-voltage (HV) cables for voltage control 

during periods of light load which require nightly switching of cables [28].  

Long HVAC cables have their sheaths cross-bonded and grounded. This improves cable 

performance by reducing sheath currents, thus improving cable ampacity, and by reducing sheath 

voltage to prevent breakdown of cable insulation. Transposition of cores may also be used to further 

reduce sheath currents [29]. The first studies concerning cross-bonded cables were published in the 

60’s and continued steadily until end of the 80’s motivated by new cable projects [15],[30],[43]. 
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Recently, interest toward transmission cables and particularly cross-bonded systems is renewed 

[14],[16],[20],[44]-[82] thanks to new projects [1]-[6].  

The response of cross-bonded systems is more complicated compared to no-bonding systems 

because the sheaths change phase throughout the cable route and because bonding points create 

complicated reflection phenomena. The first publications concerning cross-bonded cables used 

long and cumbersome equations and approximate lumped parameter models to calculate power 

frequency and transient responses [30]-[33]. Due to the complexity of the studies and limited 

computer resources at the time, studies were generally limited to one major section and to the first 

incident wave [30]-[33].  

To overcome limitations in computer resources (not so important with modern computers) for the 

study of long cross-bonded systems, a homogeneous equivalent was derived to enable modeling of 

cross-bonded cables independently of the number of major sections [34]-[36] (a comprehensive 

derivation of the equivalent is given in [15]). The homogeneous equivalent option is available in 

various EMT-type software and it is generally considered as the only method for evaluating the 

propagation constants (e.g. attenuation and velocity) of cross-bonded cables. As emphasized in this 

thesis, the homogeneous equivalent model has several limitations for transient studies as it does 

not represent the reflections from bonding points nor the impedance of bonding wires and it cannot 

calculate sheath over-voltages within major sections. However, if bonding wires can be neglected, 

the homogeneous equivalent is thought to be accurate in frequency domain. The homogeneous 

equivalent is still used in frequency domain analysis [44] but recent transient studies opted for 

discrete modeling of each minor section [14],[16],[20],[45]-[47].   
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1.2 Contributions 

The contributions of this thesis can be divided into the following categories. 

 

Validation of cable models for transient studies based on field test results 

The typical approach when validating cable models from field test results is to calculate the 

propagation constants (attenuation, velocity and characteristic impedance) from the measured 

waveforms and to compare them with simulation results obtained with the cable model. Although 

this approach is useful to verify that the model is accurate, it gives little insight into the sources of 

divergence when field test and simulation results do not agree. One objective of this thesis is to 

develop an alternative approach for model validation based on field test results between field test 

and the simulation results. The proposed new approach is applied to a field test carried out by the 

French Transmission System Operator (TSO) Réseau de Transport d’Electricité – RTE on a 225 kV 

underground cable and used to validate the cable model of EMTP-RV (EMT simulation tool).  

 

Investigation of cable discharge, calculation of typical discharge times 

Another contribution of this thesis is the investigation of parameters that affect the discharge of 

HVAC cables. The time required to discharge the cable to a safe voltage level (25 V according to 

IEC 60479-1) is of particular interest. Typical values for the leakage resistance of cable insulation 

as well as the leakage resistance of external insulators connected to the cable will be calculated. A 

correction factor to account for the influence of air humidity on the leakage resistance of external 

insulators will be proposed. The developments will be mostly based on the results of a field test of 

cable discharge carried out in 2015 by UK National Grid on a 275 kV pressurized-oil-filled (POF) 

cable of 21 km length and courteously gave permission to use the test results in this thesis.  

These contributions are useful for designing cable protections and for evaluating the need for 

special discharge equipment when using power cables for voltage control in the network. 
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Modeling and simulation of long cross-bonded cables 

One contribution of the thesis is to clarify the differences between the different bonding methods 

applied to HVAC cables, in particular the difference between normal-bonded (e.g. submarine) and 

cross-bonded cables (e.g. France, Denmark, Japan, UK). The comparison will be based on the 

propagation characteristics (attenuation and velocity), frequency domain and time domain 

responses of the different cable systems. A clear knowledge of the propagation characteristics is 

relevant for EMT analysis [10],[14]-[20],[24],[28],[33]-[38],[48]-[52],[62],[63],[69],[70],[72]-

[78],[83] fault detection [45]-[47] and harmonic analysis [44] involving cross-bonded cables 

Another contribution of this thesis is that it investigates and makes clear the impact of non-

uniformities, in particular the grounding and the cross-bonding of the sheaths. Grounding of 

sheaths is a technique often used both in normal-bonded and cross-bonded cables which is 

somehow analogous to the grounding of the shield wires in overhead lines. Even though there are 

several articles studying the impact of shield wire grounding in OHL’s, there is no similar literature 

studying the impact of grounding of cable sheaths and this thesis is intended to fill that gap. The 

mechanism through which the cross-bonding and the sheath currents affect the cable response will 

be clarified. 

Another contribution is the study of different modeling methods for long cross-bonded cables, 

including both homogeneous and non-homogeneous equivalents. The alternative models will be 

compared based on frequency and time domain responses, particularly on the simulation of a field 

test carried out on RTE 225 kV cross-bonded cable with 64 km and 17 major sections.  

The exact-pi circuit can be used to accurately calculate the propagation constants (attenuation and 

velocity) of a uniform structure, e.g. a minor section. It will be demonstrated that the exact-pi circuit 

representation can still be used for non-uniform structures such as cross-bonded cables under 

certain conditions. These calculations eliminate the need to find a homogeneous equivalent for the 

system. 

Finally, a single-terminal method for locating faults on cross-bonded cables will be proposed. 
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1.3 Thesis outline 

This thesis is composed of seven chapters and one appendix. 

- CHAPTER 1 – INTRODUCTION, explains the background motivating this PhD project, 

highlights its objectives and contributions and summarizes the chapters’ content. 

- CHAPTER 2 – THEORETICAL BACKGROUND, contains the theory essential to 

understand the content of this thesis. This includes transmission line theory of single-phase 

and multi-phase systems, modal theory, as well as propagation characteristics and 

frequency and time responses of homogeneous cable systems. 

- CHAPTER 3 – FIELD TESTS ON UNDERGROUND CABLES, presents a series of field 

and laboratory tests carried out on underground cables. This includes surge and energising 

tests carried out by RTE-France on a 225 kV XLPE underground cable and a discharge test 

carried out by National Grid, UK on a 275 kV OF cable.  

- CHAPTER 4 – CALCULATION OF PUL CABLE PARAMETERS, presents a method for 

calculating the PUL parameters of cable systems based on field test results. The calculation 

of PUL resistance, inductance and capacitance are applicable to surge tests while the 

calculation of PUL conductance requires measurements of cable discharge. 

- CHAPTER 5 – SIMULATION OF FIELD TESTS, contains simulation of field tests 

presented in Chapter 3 carried out in EMTP-RV and validation of cable models.  

- CHAPTER 6 – CROSS-BONDED CABLES, contains a comparison of different cross-

bonded cables in comparison to normal-bonded systems based on the distribution and 

characteristics of modal components, frequency and time-domain responses. 

- CHAPTER 7 – CONCLUSION, presents the main conclusions of this thesis, the list of 

publications which derived from it and possible future developments based on this work. 

- APPENDIX – FORMULAS FOR CABLE PUL PARAMETER CALCULATIONS, 

presents the theoretical formulas used in EMTP-RV to calculate PUL cable matrices for 

single-core and for pipe-type cables. It also shows the required modification to input data 

necessary to model stranded cores, semi-conducting screens and HDPE tubes. These are 

the features required for the simulations in Chapter 5. 
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CHAPTER 2 THEORETICAL BACKGROUND 

This chapter covers the theory essential to understanding the content of the thesis. Single-phase 

telegrapher’s equations are introduced in first place as they provide the basis for explaining the 

transient behavior of cables. Even though a cable always has more than one conductor, i.e. at least 

a core and a sheath, single-phase theory is still useful to explain the response of the cable to a 

specific propagation mode, with the approximating assumption of full mode decoupling.  

Per-unit-length (PUL) parameters, as well as propagation factor, attenuation, phase shift, 

propagation velocity and characteristic impedance are defined from the telegrapher’s equations. 

The application of voltage and current boundary conditions to the solution of telegrapher’s 

equations leads to the definition of the exact-pi model in frequency domain. The exact-pi model 

combined with the lossless system approximation can be used to obtain an expression for resonant 

frequencies at which the line input impedance becomes very low, i.e. close to a short-circuit, or 

very high, i.e. close to an open-circuit. Resonant frequencies can be expressed in terms of the 

wavelength and the length of the transmission system. 

Multi-phase theory is then introduced to cover the typical multi-conductor transmission systems. 

In this case, the telegrapher’s equations become matrix coupled equations because of the coupling 

between the system conductors. A solution to the equations is possible through diagonalization 

using voltage and current transformation matrices which columns relate to the eigenvectors of the 

system. 

Diagonalization of the telegrapher’s equations allows separately studying each propagation mode 

in the transmission system, with the approximate assumption of full mode decoupling. Analysis of 

the system eigenvectors gives information on the distribution of modes, i.e. which current loop 

corresponds to each mode. The analysis will cover the simple single-phase single-core (SC) cable, 

the three-phase SC cable and the three-phase pipe-type (PT) cable. 

Whereas eigenvectors give information on the modal loops, eigenvalues contain the characteristics 

of each mode, i.e. attenuation and phase shift, or alternatively propagation velocity. The difference 

between propagation characteristics of SC and PT cables will be clarified.  

Frequency responses of input impedance for the two cable systems and for different energising 

conditions are investigated. Core, sheath and pipe application of zero-sequence or inter-phase 
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(differential) energising are considered. Resonant conditions are verified and expressed in terms of 

the modal wavelengths and the length of the cable. 

Finally, the time-domain response of SC and PT cables are analyzed for the cases of energising 

from infinite and finite power networks. Equation Chapter (Next) Section 1 

2.1 Single-phase theory 

Single-phase transmission line theory is introduced in this section to provide the basis for 

explaining the transient behavior of cables A single-phase transmission line can be modeled as an 

infinite series of elements shown in Figure 2.1.  

x x x 

 ,v x 

 ,i x   ,i x x  

 ,v x x  

 R x 

 L x 

G xC x

 

Figure 2.1 Model of an infinitesimal length of transmission line. 

Based on Figure 2.1, the voltage and current in an infinitesimal length of transmission line are 

described in frequency-domain by the following equations 

 
 

          
,

, ,
dV x

R j L I x Z I x
dx


              (2.1) 

 
 

       
,

, ,
d I x

G j C V x Y V x
dx


            (2.2) 

where a bar is used to indicate complex quantities and 2 f   is the angular frequency. Taking 

the derivative of (2.1) and (2.2) with respect to x  results into 

 
2

2

2

d V
Z Y V V

dx
     (2.3) 
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2

2

2

d I
I

dx
   (2.4) 

  is the propagation constant defined as 

   Z Y R j L G j C j                 (2.5) 

where   and   are the attenuation and phase shift constants. 

The general solution of (2.3) and (2.4) is  

  , x xV x V e V e        (2.6) 

    1
, x x

c

I x V e V e
Z

        (2.7) 

where cZ  is the characteristic impedance defined as 

 c

R j L
Z

G j C





 


 
  (2.8) 

In the case of a lossless system, the time domain forms of (2.6) and (2.7) are as follows 

      ,v x t v x ct v x ct       (2.9) 

      ,i x t i x ct i x ct       (2.10) 

where c  is the propagation velocity calculated from the frequency and the phase shift as 

 c



   (2.11) 

Equations (2.6) and (2.7) are converted to the well-known delay equations by using the values of 

voltage and current at the line terminals, i.e.  0 0,V V x   , lV  and 0I , lI  (both currents entering 

the system), resulting into 

  0 0
l

c l c lV Z I V Z I e      (2.12) 

  0 0
l

c l c lV Z I V Z I e     (2.13) 

By using hyperbolic functions, the above equations can be rewritten to have the sending end 

quantities 0V
 and 0I

 expressed in terms of the receiving end lV
 and lI

 as 
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    0 cosh sinhl c lV l V Z l I     (2.14) 

    0

1
sinh coshl l

c

I l V l I
Z

     (2.15) 

or in matrix form 

 
0

0

l

l

A BV V

C DI I

    
    
    

  (2.16) 

where        
1

cosh , sinh , sinhc cA D l B Z l C Z l  


      . The above formulation allows 

to establish the pi-equivalent model with a series branch sZ  and two shunt branches gZ  as 

illustrated in Figure 2.2 with  

  sinhs cZ Z l    (2.17) 

 
 tanh 2

c
g

Z
Z

l



   (2.18) 

It is emphasized here that the actual parameters (PUL) are frequency dependent and the exact-pi 

formulation can be achieved if the pi-equivalent is calculated at each frequency using frequency 

dependent parameters. 

sZ

gZgZ

0V

0I

lV

lI

 

Figure 2.2 PI-equivalent model of a transmission line. 

Finally, the voltage and current at a distance x  between the two line terminals are given as 

   0 0

2 2

x xc l c lV Z I V Z I
V x e e  

    (2.19) 

   0 0

2 2

x xc l c l

c c

V Z I V Z I
I x e e

Z Z

  
    (2.20) 
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Assuming a lossless line ( 0R  ) and a lossless insulation ( 0G  ), cZ  in (2.8) becomes purely 

resistive, i.e. cZ L C  , and   in (2.5) becomes a simple phase shift, i.e. j L C j     . 

The propagation velocity defined in (2.11) can thus be written as 1c L C  . Accordingly, the 

branches for the exact-pi model become 

  sin 2s lossless cZ jZ l      (2.21) 

  tang lossless cZ j Z l       (2.22) 

where   is the wavelength defined as 

 
2




  (2.23) 

The above definition of   is general, i.e. it does not require lossless conditions.  

In (2.22), g losslessZ   may become zero if 2, 3 2, 5 2,...l      and infinity if 

0, , 2 ,...l    . These conditions correspond to resonant frequencies in which the input 

impedance of the transmission line is near to a short-circuit or an open-circuit, respectively (in 

reality, because every system has losses, the resonant impedances never reach zero nor infinite). 

Resonance occurs at frequencies for which line length is a multiple of a quarter wavelength, i.e.  

 0
4

inl Z


     

 2
4

inl Z


      

 3 0
4

inl Z


     

 ...   

where the wavelength   is monotonously decreasing with frequency. 

To illustrate the above, consider the 100 km overhead line described in Table 2.1. Figure 2.3 shows 

the positive sequence impedance and it is clear that resonant peaks of minimum and maximum 

impedance occur at frequencies multiple of one another. The result in Figure 2.3 is the same using 

an exact-PI or a wide-band line model. 
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Table 2.1 Data of a 230 kV overhead line with 100 km length. 

Ph. 
Horizontal 

distance [m] 

Vertical 

height [m] 

Other data: 

Phase/ground wire DC resistance 82 10 Ω km  

Phase/shield wire outside diameter 5cm 3cm  

Earth resistivity 100Ω-m  

Total line length 100km  

A -10 20 

B 10 20 

C -7 20 

GW 7 29 

 

 

Figure 2.3 Positive sequence impedance of a 230 kV 100 km overhead line.1 

 

2.2 Multi-phase theory 

In the case of a multi-phase system, as it is the case of transmission cables, equations (2.3) and 

(2.4) are rewritten as  

 
2

2

d

dx
 

V
Z Y V   (2.24) 

 

2

2

d

dx
 

I
Y Z I   (2.25) 

The products  Z Y  and  Y Z  are full matrices because of the coupling between the phases. Using 

eigenvalue theory, it is possible to transform the two above equations from phase-domain to modal 

                                                 

1 Circuit: CableSimulation_Files\NonHomogeneous_LinesCables\EMTP_Files\Circuit2.ecf 
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domain [48]. The voltages and currents in phase and modal domain are related through 

transformation matrices vT  and iT  as  

 m vV T V   (2.26) 

 m iI T I   (2.27) 

Applying the above relations to (2.24) and (2.25) results into 

  
2

1 2

2

m
m md

dx

   v v

V
T Z Y T V Λ V   (2.28) 

  
2

1 2

2

m
m md

dx

   i i

I
T Y Z T I Λ I   (2.29) 

    2 1 1      v v i iΛ T Z Y T T Y Z T   (2.30) 

From the equality in (2.30) it follows that  

 Tv iT T   (2.31) 

Matrix Λ  is a diagonal matrix. From (2.30) it follows that the elements in the diagonal of Λ  are 

eigenvalues of both matrices  Z Y  and  Y Z  (despite the products not being necessarily equal). 

From (2.28) it follows that vT  contains the eigenvectors of  Z Y  while (2.29) shows that iT  

contains the eigenvectors of  Y Z . Contrary to eigenvectors, eigenvalues are uniquely defined. 

From (2.26) to (2.31) it is also concluded that  

 m T  i iZ T Z T   (2.32) 

 m T  v vY T Y T   (2.33) 

and 

 m Tc i c iZ T Z T   (2.34) 

All these modal-domain matrices depend on the choice of eigenvectors in iT  and vT . 

The thi  element in the diagonal of Λ , which can be expressed as m
i  is identified as the 

propagation constant of the thi   mode. With the diagonalization in (2.30), a system of n coupled 



13 

 

phases can be described as a system of n uncoupled modes and each mode can be studied with the 

theory of single-phase transmission line presented in section 2.1. 

2.3 Identification of modal components 

2.3.1 Single-phase single-core cable 

A single-core cable is composed in its simplest form of a core and a metallic sheath. Hence, analysis 

of modal components of a single-core (SC) cable requires the application of the multi-phase 

transmission line theory presented in section 2.2. 

Given the coaxial structure of a SC cable, a possible approximate modal transformation is [24] 

 
1

2

0 1

1 1

co

sh

I I

I I

    
          

m
iI T I   (2.35) 

 
1

2

1 1

1 0

co

sh

V V

V V

    
      

    

m
vV T V   (2.36) 

Subscripts 1 and 2 are used for the two propagation modes. The inverse transformation is 

 
1 1

2

1 1 1 1
,

1 0 1 0

co T

sh

II

II

      
        
      

i vT T   (2.37) 

 
1 1

2

0 1 0 1
,

1 1 1 1

co T

sh

VV

VV

      
               

v iT T   (2.38) 

The above equations highlight the nature of the two propagation modes. From  (2.38) it follows 

that 1 shV V  which identifies mode 1 as an earth-return mode illustrated in Figure 2.4 (left). 

Combining (2.37) and (2.38) results into 2 coI I  and 2 co shV V V   which makes clear that mode 

2 is a coaxial as illustrated in Figure 2.4 (right).  

I

 

I

I

 

a) Earth-return mode. b) Coaxial mode. 

Figure 2.4 Propagation modes in a single-phase single-core cable. 
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Because of the finite thickness of the sheath, the earth-return and coaxial modes are coupled. The 

frequency at which mode decoupling is achieved can be determined using the complex penetration 

depth shd  of the sheath and its absolute value shd  defined as  

 
2

,sh sh
sh sh sh

sh sh

d d d
j

 

 
     (2.39) 

where sh  and sh  are the resistivity and magnetic permeability of the sheath. When shd  becomes 

lesser than the sheath thickness, coaxial and earth-return modes become decoupled i.e. the sheath 

provides full shielding and the coaxial mode becomes dominant. A so-called critical frequency cf  

can be defined as the frequency at which the sheath complex depth magnitude shd  in (2.39) 

becomes equal to the sheath thickness sh sh out sh ind r r     

 
 

2
2

sh
c

sh sh out sh in

f
r r



   




  (2.40) 

where sh  is the sheath resistivity, sh  the sheath magnetic permeability and sh outr  , sh inr   are the 

outer and inner sheath radii. 

2.3.2 Three-phase single-core cable 

A three-phase SC cable has 6 propagation modes, illustrated in Figure 2.5: a zero-sequence sheath 

mode with return through the earth (earth-return mode), a two-phase and a three-phase inter-sheath 

modes, a zero-sequence core mode, with return through the sheaths, a two-phase and a three-phase 

inter-core modes. 

3I

3I

3I
 

2I

2I
 

2 3I

3I

3I
 

a) zero-sequence sheath mode 

(earth-return mode) 

b) two-phase inter-sheath mode c) three-phase inter-sheath mode 



15 

 

3I

3I

3I

 

2I

2I

 

2 3I

3I

3I

 

d) zero-sequence core mode e) two-phase inter-core mode f) three-phase inter-core mode 

Figure 2.5 Propagation modes in a three-phase single-core cable.  

Even though transformation matrices vary continuously with frequency, the following approximate 

transformations for a three-phase SC cable can be used [24] for a three-phase cable without armour 

 

1

2

3

4

5

6

0 0 0 1 3 1 3 1 3

0 0 0 1 2 0 1 2

0 0 0 1 3 2 3 1 3
,

1 3 1 3 1 3 0 0 0

1 2 0 1 2 0 0 0

1 3 2 3 1 3 0 0 0

co a

co b

co c
s

sh a

sh b

sh c

V V

V V

V V
f f

V V

V V

V V













    
    
    
     

     
    
    
    

     

  (2.41) 

 

1

2

3

4

5

6

0 0 0 1 3 1 3 1 3

0 0 0 1 2 0 1 2

0 0 0 1 3 2 3 1 3
,

1 3 1 3 1 3 1 3 1 3 1 3

1 2 0 1 2 1 2 0 1 2

1 3 2 3 1 3 1 3 2 3 1 3

co a

co b

co c
s c

sh a

sh b

sh c

V V

V V

V V
f f f

V V

V V

V V













    
    
    
     

      
      

     
    

      

  (2.42) 

 

1

2

3

4

5

6

0 0 0 1 3 1 3 1 3

0 0 0 1 2 0 1 2

0 0 0 1 3 2 3 1 3
,

0 0 1 0 0 1

1 0 0 1 0 0

0 1 0 0 1 0

co a

co b

co c
c

sh a

sh b

sh c

V V

V V

V V
f f

V V

V V

V V













    
    
    
     

     
    

    
    

    

  (2.43) 

where cf  is defined in (2.40) and sf  is given empirically in the following form [24]  

 
 

3 4

10

sh
s

sh sh out sh in

f
y r r



   




  (2.44) 
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where y  is the separation between phases, sh  is the sheath resistivity, sh  the sheath magnetic 

permeability and sh outr  , sh inr   are the outer and inner sheath radii. 

In (2.41) to (2.43) it is clear that mode 1 is an earth-return mode with  1 3sh a sh b sh cV V V V    

. Modes 2 and 3 are respectively two-phase and three-phase inter-sheath modes with 

 2 2sh a sh cV V V    and  3 2 3sh b sh a sh cV V V V     .  

It is also clear in (2.41) to (2.43) that the nature of modes 4, 5 and 6 changes with frequency. At 

low frequencies, i.e. sf f , these modes are pure inter-core modes. For s cf f f  , the inter-

core modes are accompanied by inter-sheath modes while at high frequencies modes 4, 5 and 6 

become pure single-phase coaxial modes, i.e. 4 co c sh cV V V   , 5 co a sh aV V V    and 

6 co b sh bV V V   . In reality, this evolution in the nature of modes is a gradual phenomenon, i.e. it 

cannot be said that for , 1sf f     the propagation modes have a given nature and for 

sf f   the modes become completely different.  

As explained in [49], this interaction between inter-core and inter-sheath modes occurs because the 

magnetic flux generated by core currents also links the inter-sheath circuit. The result is the 

excitation of sheath currents which oppose the flux linkage, converting the inter-core mode into 

both a coaxial and an inter-sheath mode. At low frequencies, the sheath resistance is relatively high 

and thus sheath currents are weak. As the frequency increases, the sheath resistance becomes 

relatively smaller compared to the core resistance and hence higher currents flow into the sheaths. 

At high frequencies the modes become purely coaxial.  

The definition of sf  in (2.44) agrees with the above as sf  increases with the sheath resistivity and 

decreases with the distance between phases (the larger the distance the larger the surface for flux 

linkage). 

2.3.3 Pipe-type cable 

In the case of a pipe-type (PT) cable, the three SC cables are enclosed by a metallic pipe. Hence, 

the earth-return mode 1V  in (2.43) and illustrated in Figure 2.5 is substituted by a pipe-return mode 

and there will be an additional mode between the pipe and the earth-return path. These modes are 

illustrated in Figure 2.6. The inter-sheath modes will be the same but will have different 
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characteristics because instead of earth, the phases will be separated by the pipe inner insulation. 

An approximate transformation matrix for high frequencies is 

 

1

2

3

4

5

6

7

0 0 0 1 3 1 3 1 3 1

0 0 0 1 2 0 1 2 0

0 0 0 1 3 2 3 1 3 0

0 0 1 0 0 1 0 ,

1 0 0 1 0 0 0

0 1 0 0 1 0 0

0 0 0 0 0 0 1

co a

co b

co c

sh a c

sh b

sh c

p

VV

VV

VV

VV f f

VV

VV

VV













    
     
    

     
          
    
    

     
         

  (2.45) 

For frequencies at which the penetration depth of the pipe is smaller than the pipe thickness, i.e. 

 
2 p

p out p in
p

r r



     (2.46) 

the pipe can be assumed as of infinite thickness. In that case, there is no earth-return mode and the 

last row and column in (2.45) are eliminated. Normally (2.46) is verified even at power frequency 

because of the relatively large thickness and high magnetic permeability of pipes used in PT cables. 

I

3I

3I

3I

      

I

 

Figure 2.6 Pipe-return and earth-return modes in three-phase pipe-type cable. 

2.4 Modal velocity and attenuation 

2.4.1 Three-phase single-core cable 

Figure 2.7 illustrates a trefoil SC cable which phases are described in Table 2.2. 
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Table 2.2 Data of a single-core cable. 

Parameter Value 

Core conductor  80, 28.4mm, 2.84 10 Ω mco in co out cor r  
       

Core insulation 3.23, tan 0.0008
co insr 


    

Metallic sheath 856.4mm, 57.2mm, 2.6 10 Ω msh in sh out shr r  
      

Outer insulation 2.5, tan 0.0008
sh insr 


   

Air

Earth

1.04 m

0.693mm

0.92 m

           

 core , ,co co co  

 sheath , ,sh sh sh  

co ins 

sh ins 

 

Figure 2.7 Three-phase single-core underground cable. 

Figure 2.8 and Figure 2.9 show the modal attenuations and velocities for the cable in Figure 2.7. 

The values computed at 100 kHz are summarized in Table 2.4.  

The earth-return mode is the more attenuated and also the slowest mode. It is also the most 

frequency-dependent with a constantly rising velocity while the other modes reach a constant value 

at high frequencies. The high attenuation is due to the high resistivity of soil compared to core and 

sheath resistivities and the low velocity is due to the high inductance of the earth-return path. 

The two inter-sheath modes are highly attenuated at low frequencies because of the influence of 

the earth-return path, while at high frequencies they become nearly as attenuated as core modes. 

Inter-sheath modes have at least twice the earth-return velocity and they are largely slower than 

core modes. 

The core modes are the least attenuated because of low resistivity and no influence of earth-return 

path and they are the fastest propagating modes. The velocity of core modes is given for high 

frequencies (purely coaxial mode) by  

 0

r

c
c


   (2.47) 
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where r  is the relative permittivity of the core insulation. With 0 300m μsc   and 3.23r   in 

Table 2.2, (2.47) results into 167 m μsc   which agrees with the value in Figure 2.9. The two 

inter-core modes are initially different from the zero-sequence core mode. They are initially faster 

and less attenuated. 

 

Figure 2.8 Modal attenuation constants of a three-phase single-core cable.2 

 

Figure 2.9 Modal velocities of a three-phase single-core cable.2 

                                                 

2 Circuits: CableSimulation_Files\Comparison_SC_PT_cables\ModalComponents\Circuit.ecf 

Plotting: CableSimulation_Files\Comparison_SC_PT_cables\ModalComponents\Plots.m 

10
0

10
1

10
2

10
3

10
4

10
5

10
-4

10
-2

10
0

10
2

Frequency (Hz)

A
tt

en
u

at
io

n
 (

d
B

/k
m

)

zero-seq. coaxial

inter-core

earth-return

inter-sheath

10
0

10
1

10
2

10
3

10
4

10
5

0

50

100

150

200

250

300

Frequency (Hz)

V
el

o
ci

ty
 (

m
/u

s)

earth-return

inter-sheath

zero-seq. coaxial

inter-core



20 

 

2.4.2 Pipe-type cable 

Figure 2.10 shows a PT cable in everything equal to the SC cable in Figure 2.7, except that the 

three phases are in this case enclosed by a pipe. The data for each phase is given in Table 2.2 and 

the properties of the pipe are given in Table 2.3 and in Figure 2.10.  

Table 2.3 Data of a pipe-type cable. 

Parameter Value 

Phases inside pipe  See Table 2.2 

Insulation inside pipe Air: 1, tan 0r     

Pipe conductor 
7150mm, 170mm, 1.5 10 Ω m, 300

pp in p out sh rr r  
       

Pipe outer insulation 190mm, 2.5, tan 0.0008
p insp ins rr  
     

 

Air

Earth

1m

80 mm

150 mm

20 mm

20 mm
 

Figure 2.10 Three-phase pipe-type cable. 

Figure 2.11 and Figure 2.12 show respectively the modal attenuations and velocities for the PT 

cable in Figure 2.10 and Table 2.3. Table 2.4 gives the values computed at 100 kHz.  

The core modes are exactly equal to those of the three-phase SC cable analyzed in section 2.4.1. 

This is because the phases of the PT cable are the same as the phases of the 3-phase SC cable and 

because the core modes are practically not influenced by the media outside the metallic sheath. 

A substantial difference relative to the SC cable is that the inter-sheath modes for the PT cable are 

way less attenuated and faster compared to the inter-sheath modes of the SC cable. The inter-sheath 

mode velocities in Figure 2.12 are even faster than the core mode velocities and they are close to 
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light velocity. The reason for this is the pipe being filled with air ( 1, 1r r   ). Hence the inter-

sheath modes behave nearly as the inter-phase modes of an aerial line.  

The zero-sequence sheath mode, i.e. pipe-return mode, is also substantially different from the zero-

sequence sheath mode of the SC cable: less attenuated and faster, nearly as much as the PT cable 

inter-sheath modes. As expected, the pipe-to-earth mode is close to the earth-return mode of the 

SC cable. Still, it is less attenuated and faster because of the big dimensions of the pipe compared 

to the dimensions of the sheaths and the larger insulation thickness. 

 

Figure 2.11 Modal attenuation constants for a three-phase pipe-type cable. 2 

 

Figure 2.12 Modal velocities for a three-phase pipe-type cable. 2 
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Table 2.4 summarizes the modal characteristics of SC and PT cables computed at 100 kHz. It is 

very clear that both systems have the same response to core modes. However, the response to sheath 

modes is very different in SC and PT cables. Inter-sheath modes in PT cables have characteristics 

similar to the modes in overhead lines and they are substantially faster that the same modes in SC 

cables because of the air gap inside the pipe. On the other hand, the pipe-to-earth modes of the PT 

cable is similar to the zero-sequence sheath mode in the SC cable because of the strong impact of 

the earth-return impedance. 

Table 2.4 Modal attenuations and velocities for three-phase single-core and pipe-type cables 

computed at 100 kHz. 

Mode 
SC cable PT cable 

 m μsv    dB km   m μsv   dB km  

Zero-sequence coaxial 166 0.166 166 0.166 

2-phase inter-core 166 0.166 166 0.166 

3-phase inter-core 166 0.166 166 0.166 

Zero-sequence sheath 15.45 37.01 278.6 0.9136 

2-phase inter-sheath 35.68 0.346 266.5 0.9136 

3-phase inter-sheath 30.14 0.197 266.5 0.9136 

Pipe-to-earth -- -- 28.86 17.47 

 

2.5 Frequency-domain responses 

This section presents the input impedance response of the SC cable in Figure 2.7 with data in Table 

2.2 and the PT cable in Figure 2.10 and Table 2.3 under different energising conditions. In each 

test the cables are energised with a frequency-varying current source which phasor is written as 

   2j fI f e    (2.48) 

with frequency f  scanned from 1 Hz to 1 MHz. The cables input impedances are calculated from 

the amplitude srcV  and phase   of measured at the source terminals as 

 
 

 

2

2

j f j
jsrcsrc

srcj f

V eV f
Z V e

I f e

 






     (2.49) 
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2.5.1 Core energisation 

The circuits in Figure 2.13 are used to compare the responses of the SC and the PT cable to different 

core energising. Each circuit is tested using 1 km and 10 km cable lengths and for open-circuit and 

short-circuit termination of cores. The sheaths (and pipe for the PT cable) are bonded and grounded 

at both ends through a resistance 5gR   .  

( )I f

a

b

c

gR gR

 

( )I f

a

b

c

gR gR

( )I f

 

a) Zero-sequence core mode. b) Two-phase inter-core mode. 

( )I f

a

b

c

gR gR

0.5 ( )I f

0.5 ( )I f

 

01 120

a

b

c

gR gR

1 0

01 120

 

c) Three-phase inter-core mode. d) Positive-sequence. 

Figure 2.13 Circuits for core energising in a single-core cable in frequency domain. The dash line 

is used to short-circuit the cores at the receiving end. 

Figure 2.14 shows the input impedance (magnitude and angle) for open-circuit termination to the 

four energising schemes in Figure 2.13. The impedance in Figure 2.14 is exactly the same for SC 

and PT cable.  

The minima of impedance in Figure 2.14 correspond to resonant conditions characterized by the 

cable length being a multiple of a quarter wavelength. The wavelength is defined in (2.23) as a 

function of the phase shift which is in general different for each propagation mode. However, the 

resonant frequencies in Figure 2.14 are the same for the four different core energising. The reason 

for this is that the first resonant frequency is already high enough so that the three core modes as 

well as the positive sequence (which is a combination of core modes) will have the same modal 

phase shift. The same is not true for the amplitude of impedances which are different for each case.  
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As expected, under resonance the impedance amplitude is at a minimum with the phase near to 

zero. When a 10 km cable is considered (Figure 2.15) the resonant points are observed at 

frequencies ten times lower than the frequencies of the 1 km cable and the amplitudes of resonant 

impedances are higher as a result of higher resistance. The linear variation of resonant frequencies 

with the cable length is not observed for the amplitude of impedances because the phenomenon of 

skin effect is not linear with frequency. 

If the receiving end cores are short-circuited (Figure 2.16) the impedance minima become 

impedance maxima and vice-versa, compared to the open-circuit case (Figure 2.14). An important 

difference is that for the short-circuit termination the impedance is minimal at DC and it is given 

by the DC resistance of the coaxial loop. 

Table 2.5 contains the values of the first three resonant frequencies and corresponding impedances 

for the different core energising schemes. In open-circuit, the resonant frequencies are given as 0f

, 03 f , 05 f ,… where 0f  is the fundamental frequency given as 

 0
4

c
f

l
   (2.50) 

where c  is the propagation velocity and l  is the cable length. Using 166m μsc   (Table 2.4) and 

1kml   in (2.50) results 0 41.5 kHzf   which agrees with the values in Table 2.5. In the case of 

cores short-circuited, resonance occurs at 02 f , 04 f , 06 f ,…  

It can also be observed from Table 2.5 that the input impedance for two-phase energising is 6 times 

the value for zero-sequence energising, while the impedance for three-phase energising is 4.5 times 

higher. This is readily explained as follows. Let coZ  be the input impedance of one phase. A zero-

sequence application energises three phases in parallel, thus 0 3coZ Z . On the contrary, a two-

phase application energises two phases in series, thus 2 0 02 2 3 6ph coZ Z Z Z      . A three-

phase application energises one phase in series with the parallel of the other two, thus 

3 0 02 3 2 3 3 2 4.5ph co co coZ Z Z Z Z Z        . 
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a) Impedance magnitude. b) Impedance angle. 

Figure 2.14 Open-circuit response to different core energising on 1 km cable (valid for both single-

core and pipe-type systems).3 

  

a) Impedance magnitude. b) Impedance angle. 

Figure 2.15 Open-circuit response to zero-sequence core excitation on 10 km cable (valid for both 

single-core and pipe-type systems).3 

  

a) Impedance magnitude. b) Impedance angle. 

Figure 2.16 Short-circuit response to zero-sequence core excitation on 1 km cable (valid for both 

single-core and pipe-type). 3 

                                                 

3 Circuits: CableSimulation_Files\Comparison_SC_PT_cables\ImpedanceResponses\Circuit.ecf 

Plotting: CableSimulation_Files\Comparison_SC_PT_cables\ImpedanceResponses\Plots.m 
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Table 2.5 Resonant frequencies and input impedance of 1 km and 10 km cables for different 

energising schemes, in open-circuit and short-circuit (single-core and pipe-type cables).  

  Open-circuit Short-circuit 

  f0 f1 f2 f0 f1 f2 

1 

km 

Frequency (kHz) 41.4 124.2 207 82.79 166 250 

Zero-seq. (ohm) 0.09341 0.1659 0.2269 0.1346 0.1972 0.2322 

Two-phase (ohm) 0.5605 0.9951 1.361 0.8076 1.183 1.393 

Three-phase (ohm) 0.4204 0.7463 1.021 0.6057 0.8875 1.045 

Positive-seq.(ohm) 0.2802 0.4975 0.6806 0.4048 0.5917 0.6966 

10 

km 

Frequency (kHz) 4.074 12.36 20.61 8.204 16.56 24.72 

Zero-seq. (ohm) 0.3585 0.5241 0.6829 0.4488 0.5967 0.7115 

Two-phase (ohm) 2.152 3.145 4.098 2.694 3.581 4.269 

Three-phase (ohm) 1.614 2.359 3.074 2.02 2.686 3.202 

Positive-seq. (ohm) 1.076 1.573 2.049 1.347 1.791 2.135 

2.5.2 Sheath and pipe energisation 

The circuits in Figure 2.17 are simulated in frequency domain to compare the responses of the SC 

and the PT cables to different sheath energising schemes. Figure 2.18 shows the circuit for pipe 

energising of the pipe-type cable. The reason why the source is not grounded in circuits b) and c) 

is to energise each inter-sheath mode without the superposition of additional modes that would be 

excited in the case of a grounded source [50]. Each simulation is repeated for 1 km and 10 km cable 

lengths and for open-circuit and short-circuit termination of sheaths and pipe.  

( )I f

a

b

c

gR gR

 

a

b

c

( )I f

( )I f

 

a) Zero-sequence sheath mode. b) Two-phase inter-sheath mode. 

( )I f

a

b

c

0.5 ( )I f

0.5 ( )I f

 

 

c) Three-phase inter-sheath mode.  

Figure 2.17 Circuits for studying the frequency response to different sheath energising of single-

core and pipe-type cables. 
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I

 

Figure 2.18 Circuit for pipe energising of a pipe-type cable. 

In the case of the SC cable, energising a two-phase or a three-phase inter-sheath mode will produce 

a single propagation mode only if the phases are adequately chosen. Figure 2.19 shows two 

alternative excitation schemes for a three-phase inter-sheath energising. A pure inter-sheath mode 

is produced only if the current enters the top phase and returns through the bottom phases. This is 

because given the symmetry of the system (see Figure 2.7) the two bottom phases will have the 

same impedance: both are at the same depth and both have two other phases at the same distance. 

In the case of the PT cable in Figure 2.10 it makes no difference in which phase the current enters 

first because the pipe provides a shielding to the inner phases and because all the phase are at the 

same distance from the pipe and from one another in the system of Figure 2.10. 

dd

d

( )I f

Air

Earth

0.5 ( )I f0.5 ( )I f

                      

dd

d

0.5 ( )I f

Air

Earth

0.5 ( )I f( )I f

 

Figure 2.19 Alternative three-phase inter-sheath energising of a single-core cable. 

Figure 2.20 shows the response of the 1 km SC cable to different sheath energising. The resonant 

frequencies for zero-sequence energising are substantially lower and have higher impedance 
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compared to the cases of inter-sheath energising, as a result of a much lower propagation velocity 

of the zero-sequence sheath mode and a higher resistance of the earth-return path (see Table 2.4).  

Figure 2.21 shows the response of the 1 km PT cable to different sheath and pipe energising. In 

this case, the zero-sequence sheath energising produces a response similar to the inter-sheath source 

applications. The response to pipe energising is somehow similar to the zero-sequence sheath 

energising of the SC cable in Figure 2.20 which is explained by the two energising schemes having 

the earth as a return path.  

The resonant frequencies are the same for the two-phase and three-phase sheath energising of the 

PT cable because the two inter-sheath modes have the same propagation velocity. The resonant 

frequencies for zero-sequence energising are slightly different and the magnitude is substantially 

higher because the pipe having an impedance different to the sheath is involved as a return path.  

Table 2.6, showing the first resonant points in both SC and PT cables, confirms the above remarks.  

  

a) Impedance magnitude. b) Impedance angle. 

Figure 2.20 Responses of a 1 km single-core cable to different sheath excitations. Receiving end 

sheaths in open-circuit. 3 

  

a) Impedance magnitude. b) Impedance angle. 

Figure 2.21 Response of 1 km length pipe-type cable to different sheath and pipe excitations. 

Receiving end sheaths and pipe in open-circuit. 3 
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Table 2.6 Resonant frequencies and input impedances of single-core and pipe-type cables for 

different sheath and pipe energising. 

Single-core cable 

  Open-circuit Short-circuit 

  f0 f1 f2 f0 f1 f2 

1 

km 

Frequency (kHz) 3.206 10.19 17.78 6.668 13.74 21.13 

Zero-seq. (ohm) 1.63 5.015 7.252 3.331 6.534 9.086 

Frequency (kHz) 7.534 22.59 37.58 15.03 30.13 45.19 

Two-phase (ohm) 0.106 0.198 0.3613 0.1428 0.2709 0.4742 

Frequency (kHz) 8.892 26.73 44.67 17.82 35.73 53.58 

Three-phase (ohm) 0.1051 0.191 0.295 0.1787 0.3296 0.3964 

10 

km 

Frequency (kHz) 0.2938 0.9204 1.556 0.6012 1.236 1.884 

Zero-seq. (ohm) 1.608 4.623 7.291 3.109 6.012 8.522 

Frequency (kHz) 0.7534 2.259 3.758 1.503 3.013 4.519 

Two-phase (ohm) 0.9123 0.923 0.9521 0.9169 0.9336 0.9592 

Frequency (kHz) 0.8892 2.673 4.467 1.782 3.573 5.358 

Three-phase (ohm) 0.6984 0.7472 0.7808 0.7208 0.7859 0.8494 

Pipe-type cable 

  Open-circuit Short-circuit 

  f0 f1 f2 f0 f1 f2 

1 

km 

Frequency (kHz) 68.87 211.8 357.3 140 428.5 285.1 

Zero-seq. (ohm) 1.976 3.473 4.493 2.829 4.924 4.017 

Frequency (kHz) 65.61 203.2 342.8 134.3 272.9 411.1 

Two-phase (ohm) 3.893 7.133 9.387 5.747 8.316 10.27 

Frequency (kHz) 65.61 203.2 342.8 134.3 272.9 411.1 

Three-phase (ohm) 2.92 5.349 7.04 4.31 6.237 7.699 

Frequency (kHz) 6.252 19.82 33.88 12.91 26.79 41.02 

Pipe mode (ohm) 3.677 10.69 16.72 7.249 13.88 19.15 

10 

km 

Frequency (kHz) 6.026 19.68 34.12 12.71 26.49 40.55 

Zero-seq. (ohm) 5.755 9.875 12.57 8.146 11.24 13.32 

Frequency (kHz) 5.888 18.58 32.21 12.25 25.41 38.73 

Two-phase (ohm) 9.426 18.26 23.73 14.38 21.21 25.9 

Frequency (kHz) 5.888 18.58 32.21 12.25 25.41 38.73 

Three-phase (ohm) 7.069 13.69 17.8 10.79 15.91 19.43 

Frequency (kHz) 0.561 1.766 3.048 1.161 2.399 3.681 

Pipe mode (ohm) 4.295 11.2 17.14 7.86 14.26 19.48 
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2.6 Time-domain responses 

The SC cable in Figure 2.7, Table 2.2 and the PT cable in Figure 2.10, Table 2.3 are simulated in 

time domain for an energising transient. The two cable systems have 10 km. The sheaths (and pipe, 

in the case of the PT cable) are grounded at both ends through 5 Ω resistances. Each cable is 

separately energised from a 225 kV balanced network at t = 1 ms (all phases). The simulation is 

carried out for the cases of infinite power network and for finite power network with short-circuit 

capacity of 7740 MVA with X/R = 7 [51]. 

Figure 2.22 and Figure 2.23 show respectively the cable receiving end voltages and sending end 

currents for the energising from an infinite power network. Figure 2.24 and Figure 2.25 show the 

finite power network case. The results are the same both for the SC cable and for the PT cable. In 

section 2.4 it was demonstrated that the SC cable and PT cable only show the same characteristics 

as far as core modes are concerned. Therefore, it can be concluded that only core modes are 

involved in the waveforms of Figure 2.22 to Figure 2.25.  

The frequency of the transient when energising from an infinite power network is higher than for 

the case of real source. The reason for this is that the network inductance adds up to the cable 

inductance thus reducing the oscillating frequency. 

The oscillations are damped out much faster in the case of infinite power network because in this 

case the transient has a high frequency. The attenuation of the cable is more important for higher 

frequencies, as shown in section 2.4. The network impedance limits the transient current, as 

observed from a comparison of Figure 2.23 and Figure 2.25. 

To observe the impact of the closing time, the same energising tests were repeated for the case of 

non-deterministic switch closing times. The closing time for each pole follows a Gaussian 

distribution of mean 0.0165 seconds and standard deviation of 0.014 seconds. The maximum 

overvoltages observed throughout 1000 simulations were +331.6 kV (phase-b) when energising 

from an infinite source and +355.1 kV (phase-c) for the case of real source. Energising from a real 

source creates higher overvoltages in all phases. The reason for this is that the infinite source has 

more power to control the voltage that the real source.  

 



31 

 

 

Figure 2.22 Receiving end voltages for energising of a 10 km cable from a 225 kV infinite power 

network.4 

 

Figure 2.23 Sending end currents for energising of a 10 km cable from a 225 kV infinite power 

network.4 

                                                 

4 Circuits: CableSimulation_Files\Comparison_SC_PT_cables\TimeResponses\Circuit.ecf 

Plotting: CableSimulation_Files\Comparison_SC_PT_cables\TimeResponses\Plots.m 

0 5 10 15 20
-400

-200

0

200

400

Time (sec)

V
o

lt
ag

e 
(k

V
)

 

 

Phase-a

Phase-b

Phase-c

0 5 10 15 20
-8

-4

0

4

8

Time (sec)

C
u
rr

en
t 

(k
A

)

 

 
Phase-a

Phase-b

Phase-c



32 

 

 

Figure 2.24 Receiving end voltages for energising of a 10 km cable from a 225 kV finite power 

network. 4 

 

Figure 2.25 Sending end currents for energising of a 10 km cable using a 225 kV source of finite 

power. 4 
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2.7 Conclusion 

This chapter presented the theory over which this thesis is based. Per-unit-length impedance and 

admittance matrices were defined from the Telegrapher’s equations. Propagation factor, 

attenuation, phase shift, propagation velocity and characteristic impedance have been defined. The 

basis of modal theory was also presented to provide a means of studying any multi-phase system, 

particularly transmission cables. The PI-model was also introduced to support the definition of 

wavelength and resonance in the cable.  

The nature of modes in a three-phase power cable was explained and a difference between two of 

the most popular topologies, single-core cable and pipe-type cable, was made clear.  

Frequency responses for the two cable systems were investigated for different energising 

conditions, with focus on resonant conditions. The time-domain responses of single-core and pipe-

type cables for an energising test was also analyzed for the cases of infinite and finite power 

networks. 
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CHAPTER 3 FIELD TESTS ON UNDERGROUND CABLES 

This chapter presents five field and laboratory tests carried out on underground HVAC cables. 

These field test results provide data for validating the developments presented in the next chapters 

of this thesis. Equation Chapter (Next) Section 1 

3.1 Surge test on RTE 225 kV cross-bonded cable 

In 2014, RTE carried out a surge test on a new cable installed in the South East of France between 

the regions of Boutre and Trans-en-Provence. This is a 225 kV XLPE underground cross-bonded 

cable with 64 km length and it is one of three underground links that were built to reinforce the 

connection of the PACA region (Provence-Alpes-Côte d’Azur) to the French grid, previously fed 

through a single 400 kV overhead link.  

The surge test was carried out during the cable construction. Therefore, it was possible to test a 

separate minor section. A major section was also tested to observe the impact of cross-bonding. 

Different excitation schemes were used to measure the characteristics of different propagation 

modes.  

The minor section used in this test has 1080 m and uses 2000 mm² core conductors while the major 

section has 3953 m and uses 2000 mm² and 2500 mm² conductors, as illustrated in Figure 2.26. 

The cable phases are enclosed by HDPE (high-density poly-ethylene) tubes embedded in concrete. 

Figure 2.29 shows a sample of a cable phase. Figure 2.30 illustrates the burial layout and Table 2.8 

contains the cable data. The complete cable is 64 km long and has 17 major sections with surge 

arresters protecting the terminal major sections. These are the cable sections closest to aerial lines 

and thus more prone to overvoltage. The layout of a terminal and an intermediate major sections 

of the Boutre-Trans cable are illustrated in Figure 2.27 and Figure 2.28. The length of all the cable 

sections are given in Table 2.7. The cross-bonding joints of the terminal major sections are 

protected by surge arresters.  
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Figure 2.26 Minor and major sections of the RTE 225 kV cable used in the surge field test [20]. 
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Figure 2.27 Layout of a terminal major section of the RTE 225 kV cable. 

Sheath 

grounding

Sheath 

grounding

Minor

section

Minor

section

Minor

section

Major section

Sheath 

cross-bonding 

 

Figure 2.28 Layout of an intermediate major section of the RTE 225 kV cable. 
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Table 2.7 Length of minor sections in the RTE 225 kV cable. 

Major 

section 

Minor 

section 

Section 

(mm2) 
Length 

(m) 

Major 

section 

Minor 

section 

Section 

(mm2) 
Length 

(m) 

1 (Boutre) 1 2500 750 11 38 2000 850 

 2 2000 604  39 2000 820 

 3 2000 1332  40 2000 820 

 4 2500 1267  41 2000 860 

2 5 2000 1232  42 2500 819 

 6 2000 1299  43 2500 810 

 7 2000 1300 12 44 2500 970 

3 8 2000 820  45 2500 970 

 9 2000 917  46 2500 1003 

 10 2000 935  47 2500 959 

 11 2000 826  48 2000 1039 

 12 2000 827  39 2000 912 

 13 2000 826 13 50 2000 1275 

4 14 2000 1282  51 2000 1275 

 15 2000 1300  52 2500 1193 

 16 2000 1300 14 53 2500 1300 

5 17 2000 820  54 2500 1200 

 18 2000 820  55 2500 676 

 19 2000 820  56 2500 650 

 20 2000 820 15 57 2500 1200 

 21 2000 820  58 2500 1193 

 22 2000 820  59 2500 600 

6 23 2000 820  60 2500 630 

 24 2000 771 16 61 2500 585 

 25 2000 770  62 2500 610 

7 26 2000 1093  63 2500 600 

 27 2000 985  64 2500 600 

 28 2000 985  65 2500 594 

8 29 2000 1056  66 2500 612 

 30 2000 1060 17 (Trans) 67 2000 820 

 31 2000 1070  68 2000 820 

9 32 2000 1040  69 2500 830 

 33 2000 1045     

 34 2000 1080     

10 35 2000 992     

 36 2500 930     

 37 2500 930     
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Figure 2.29 Sample of the RTE 225 kV cable with 2000 mm² enamelled copper cores. 

Δ

 

Figure 2.30 Layout of one phase of the RTE 225 kV cable [20].  

0.66 m

0.75 m

0.70 m

Concrete

HDPE 

tube

Soil

0.1 m

Air Gap

Ph. 4

Ph. 0 Ph. 8

 

Figure 2.31 Layout of the three phases of the RTE 225 kV cable buried on earth [20]. 



38 

 

 

Table 2.8. Data for RTE 225 kV cable [20]. 

Parameter 2000 mm2 cable 2500 mm2 cable 

Core conductor 

( 1 0r  .) 

*
2 34.5 mmnr 

**
2 28.4 mmr 

81.76 10 Ωm    

*
2 37.1 mmnr 

**
2 31.9 mmr 

81.76 10 Ωm    

Semiconductor 

screen 1 
3 mm   (thickness) 

Core insulation 1 2.5r  , tan 0.0008   

Semiconductor 

screen 2 
3 mm   (thickness) 

Metallic sheath 

3 56.4 mmr 

4 57.2 mmr 

82.84 10 Ωm    

3 59.9 mmr 

4 60.7 mmr 

82.84 10 Ωm    

Outer insulation 

5 62.2 mmr   

2 2.5r 

tan 0.001   

5 65.7 mmr   

2 2.5r 

tan 0.001   

HDPE tubes 
1 198.5 mmD  , 2 225 mmD   

3 2.5r  , tan 0.001   

* Nominal radius of core conductor. 

** Corrected core radius accounting for effective section of wires in the strand (appendix A.4.1). 

The surge applied to the cable is a 2 kV 1.2/50 μs impulse. The impulse generator (IG) used in the 

field test was a Haefely Axos 5 with an output impedance of 2 Ω. Waveforms were measured on a 

WaveJet 324A oscilloscope using PHV1000 voltage probes and Pearson 110 current probes with 

bandwidths of 400 MHz and 20 MHz respectively. IG and oscilloscope are shown in Figure 2.32 

and the probes are shown in Figure 2.33. 

The sites where the field test was performed are shown in Figure 2.34 and Figure 2.35 for the minor 

and major sections, respectively. Grounding rods had to be installed next to the two terminals of 

the minor section and the receiving end of the major section, for protection of equipment and 

operators. The major section sending end is located in a substation where a grounding network is 

available. The DC values of grounding impedance are 30 Ω (measured) for the remote areas and 

5 Ω (provided by RTE) for the substation [20].  



39 

 

  

Figure 2.32 Haefely Axos 5 impulse generator and WaveJet 324A oscilloscope. 

  

Figure 2.33 PHV1000 voltage probe and Pearson 110 current probe. 

  

Figure 2.34 Sending and receiving end sites for surge field test of a minor section of the RTE 

225 kV cable.  
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Figure 2.35 Sending and receiving end sites for surge field test of a major section of the RTE 

225 kV cable.  

3.1.1 Testing on a minor section 

3.1.1.1 Core-to-ground application 

The circuits in Figure 2.36 were used in the field test to apply an impulse to the core of a minor 

section and measure the sheath voltage of the same phase. The two circuits are for the case of all 

sheaths open-circuited and for the case of sheaths grounded, except the measured sheath. 

The sheath voltages for the two cases are shown in Figure 2.37. Given the high attenuation of the 

waveforms in the figure, it is clear that the mode observed is an earth-return mode. However, there 

is also a contribution of a coaxial mode which can be observed from the period of the peaks in the 

voltage waveforms in Figure 2.37. Using the cable length and the time between the second and 

third peaks (12.6 μs), the propagation velocity is calculated as 2 1080 12.6 171m μs   which is 

close to the coaxial mode velocity calculated from the light velocity 0 300m μsc   and the cable 

insulation permittivity 3.23r   (Table 2.8) as 0 300 3.23 167m μsrc c     . 

In Figure 2.37, the voltage corresponding to the sheaths being grounded is lower and becomes 

negative after a certain point as a result of negative reflections transmitted from grounded 

terminals. 
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Figure 2.36 Field test circuits for core-to-ground application on a minor section: a) sheaths open; 

b) sheaths grounded. 

 

Figure 2.37 Sending end sheath voltage for core-to-ground surge application on a minor section. 5 

3.1.1.2 Core-to-sheath application 

Figure 2.38 illustrates the circuit used in the field test to apply a surge between the core and sheath 

of a phase in a minor section. The three sheaths and the two non-used cores were grounded together 

with the surge tester. 

The core voltage and current at the sending end and the core voltage at the receiving end were 

measured and are shown in Figure 2.39 to Figure 2.41, respectively. If the initial peak values of 

voltage and current are used to calculate the surge impedance, the following value is obtained 

1752 68.74 25sZ     which agrees with the formula for coaxial mode surge impedance 

                                                 

5 Data files: CableSimulation_Files\FieldTestSimulation_RTECable\Data_FieldTest\Minor section 
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 0 3

0 2

1 60 56.4
log log 22.9

2 28.43.23
s

r

r
Z

r



  

   
      

  
  (3.1) 

Where  
1

0 02 60  


  ,  3.23r  , 2 28.4mmr   and 3 56.4mmr   are cable parameters 

given in Table 2.8. 

An oscillation period of 27.4 μs can be clearly observed form Figure 2.39 to Figure 2.41. Using the 

cable length, the propagation velocity is calculated as 

 0 300
158m μs

3.23r

c
c


     (3.2) 

where 0 300m μsc  . This velocity corresponds to a coaxial mode of propagation. 

The sending end voltage does not follow exactly the surge tester. The spikes observed are caused 

by the inductance of the wire connecting to the tester and the fast variation of current. 
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Figure 2.38 Surge test circuit for core-to-sheath application on a minor section [20]. 
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Figure 2.39 Sending end core voltage for core-to-sheath surge application on a minor section.5 

 

 

Figure 2.40 Sending end core current for core-to-sheath surge application on a minor section.5 

 

 

Figure 2.41 Receiving end core voltage for core-to-sheath surge application on a minor section.5 
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3.1.1.3 Two-phase inter-sheath application 

The circuit in Figure 2.42 was used in the field tests to apply a surge between two sheaths of a 

minor section. The surge tester current and the sheath voltages at the sending and receiving ends 

are shown in Figure 2.43 to Figure 2.45. The receiving end voltage for phase-8 in Figure 2.45 is 

approximately double of that at the sending end in Figure 2.44, as expected.  
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Figure 2.42 Surge test circuit for two-phase inter-sheath application on a minor section.5 

 

 

Figure 2.43 Sending end current for 2-phase inter-sheath surge application on a minor section.5 
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Figure 2.44 Sending end voltage for 2-phase inter-sheath surge application on a minor section.5 

 

Figure 2.45 Receiving end voltages for 2-phase inter-sheath surge application on a minor section.5 

 

3.1.1.4 Three-phase inter-sheath application 

The circuit in Figure 2.46 was used in the field test apply a surge between the three sheaths of a 

minor section. The waveforms measured at sending and receiving ends are shown in Figure 2.47 

to Figure 2.49.  

The period of oscillations of the current and voltage waveforms is approximately 38 μs. Using the 

cable length, the propagation velocity is calculated as 4 1080 38 114m μsc    . The surge 

impedance is calculated from the initial peaks of voltage and current in Figure 2.47 and Figure 2.48 

as 1221 49.01 24.91cZ    . 
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Figure 2.46 Surge test circuit for three-phase inter-sheath application on a minor section [20]. 

 

  

Figure 2.47 Sending end current for 3-phase inter-sheath surge application on a minor section.5 

 

 

Figure 2.48 Sending end voltages for 3-phase inter-sheath surge application on a minor section.5 
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Figure 2.49 Receiving end voltages for 3-phase inter-sheath surge application on a minor section.5 

3.1.1.5 Sheath-to-ground application 

The circuit in Figure 2.50 was used in the field test to apply a surge between the sheaths of a minor 

section and the ground, with the receiving end sheaths grounded. The measured surge tester current 

is given in Figure 2.51 which shows clearly a high attenuation mostly due to the high impedance 

of the return path. 

The earth-return mode of propagation was further investigated in the field test using the circuits of 

Figure 2.52, in which a surge is applied between the ground and one, two and three sheaths 

respectively, with the sheaths in the receiving end open-circuited. The sheath voltages measured at 

the receiving end of the minor section are shown in Figure 2.53 to Figure 2.55, respectively. The 

maximum voltage in phase-8 is 1149 V, 750 V and 623 V for surge applied between one sheath 

and the earth, two sheaths and the earth, and finally three sheaths and the earth, respectively. 
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Figure 2.50 Surge test circuit for zero-sequence sheath application on a minor section with 

receiving end grounded [20]. 

0 50 100 150 200 250 300 350 400
-2000

0

2000

4000

-1000

1000

3000

Time (us)

V
o
lt

ag
e 

(V
)

 

 
Phase-0

Phase-4

Phase-8



48 

 

 

Figure 2.51 Sending end current for zero-sequence surge application on the sheaths of a minor 

section with the receiving end grounded.5 
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a) single-phase application. b) two-phase application. 
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c) three-phase application.  

Figure 2.52 Surge test circuit for zero-sequence sheath application on a minor section with 

receiving end open. 
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Figure 2.53 Receiving end voltages for surge application on one sheath of a minor section with the 

receiving end in open-circuit.5 

 

Figure 2.54 Receiving end voltages for surge application on two sheaths of a minor section with 

the receiving end in open-circuit.5 

 

Figure 2.55 Receiving end voltages for surge application on three sheaths of a minor section with 

the receiving end in open-circuit.5 
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3.1.2 Testing on a major section 

3.1.2.1 Core-to-sheath application  

Figure 2.56 shows the circuit used in the field test to apply a surge between core and sheath of one 

phase of the major section. The three sheaths and the unused cores are grounded together with the 

surge tester. The test was repeated for the three phases.  

Figure 2.57 and Figure 2.58 show the current and voltage measured on the energised core for the 

three surge applications. All phases have nearly the same response. The measured oscillations have 

a period of 100 μs. Using the cable length, the velocity is calculated as  

4 3953 100 158m μsc    .  

The surge impedance is calculated using the initial peaks of voltage and current in each phase 

1699 75.43 22.52saZ    , 1697 73.16 23.20sbZ     and 1688 72.75 23.20scZ    . The 

average of the three values is 22.9 . 
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Figure 2.56 Surge test circuit for core-to-sheath application on a major section [20]. 
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Figure 2.57 Sending end current for core-to-sheath surge application on a major section.6 

 

Figure 2.58 Sending end voltage for core-to-sheath surge application on a major section.6 

 

3.1.2.2 Two-phase inter-sheath application 

The circuit in Figure 2.59 was used in the field test to apply a surge between two sheaths of a major 

section, with the sheaths at the receiving end bonded together. The test was repeated for surge 

applied between phase-8 and phase-4, phase-0 and phase-4, and between phase-8 and phase-0. The 

current measured at the surge tester and the sending end sheath and core voltages are shown in 

Figure 2.60 to Figure 2.68 for the three surge applications. The propagation velocity calculated 

from the oscillating period in Figure 2.61 and the cable length is 4 3953 120 132m μsc    .  

                                                 

6 Data files: CableSimulation_Files\FieldTestSimulation_RTECable\Data_FieldTest\Major section 

0 100 200 300 400 500 600 700 800

-50

0

50

100

-25

25

75

-75

Time (us)

C
u

rr
en

t 
(A

)

 

 
Phase-0

Phase-4

Phase-8

0 100 200 300 400 500 600 700 800
-500

0

500

1000

1500

2000

Time (us)

V
o
lt

ag
e 

(V
)

 

 
Phase-0

Phase-4

Phase-8



52 

 

Phase 8

Phase 4

Phase 0

1 Major section

OSC

A

CH1 CH2

VV

 

Figure 2.59 Surge test circuit for two-phase inter-sheath application on a major section. 

 

Figure 2.60 Sending end current for surge application between phase-8 and phase-4 sheaths of a 

major section.6 

 

Figure 2.61 Sending end core voltages for surge application between phase-8 and phase-4 sheaths 

of a major section.6 
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Figure 2.62 Sending end sheath voltages for surge application between phase-8 and phase-4 sheaths 

of a major section.6 

 

Figure 2.63 Sending end current for surge application between phase-0 and phase-4 sheaths of a 

major section.6 

 

Figure 2.64 Sending end core voltages for surge application between phase-0 and phase-4 sheaths 

of a major section.6 
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Figure 2.65 Sending end sheath voltages for surge application between phase-0 and phase-4 sheaths 

of a major section.6 

 

Figure 2.66 Sending end current for surge application between phase-8 and phase-0 sheaths of a 

major section.6 

 

Figure 2.67 Sending end core voltages for surge application between phase-8 and phase-0 sheaths 

of a major section.6 
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Figure 2.68 Sending end sheath voltages for surge application between phase-8 and phase-0 sheaths 

of a major section.6 

3.1.2.3 Three-phase inter-sheath application 

The circuit in Figure 2.69 was used in the field test to apply a surge between the sheaths of a major 

section, with the sheaths at the receiving end bonded together. The surge tester current and the 

sending end core and sheath voltages are shown in Figure 2.70 to Figure 2.72. These results are 

similar to the case of surge applied between two sheaths, presented in the previous section. 
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Figure 2.69 Surge test circuit for three-phase inter-sheath application on a major section. 
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Figure 2.70 Sending end current for surge application between the three sheaths of a major section.6 

 

Figure 2.71 Sending end core voltages for surge application between the three sheaths of a major 

section.6 

 

Figure 2.72 Sending end sheath voltages for surge application between the three sheaths of a major 

section.6 
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3.1.2.4 Sheath-to-ground application 

The three circuits in Figure 2.73 were used in the field test to measure the response of a major 

section to a surge applied between the three sheaths and the ground. The test was repeated with the 

sheaths at the receiving end open-circuited, bonded, and grounded, respectively. The current of the 

surge tester and the sheath voltage at the sending end are shown in Figure 2.74 and Figure 2.75.  

The cases of open-ended sheaths and short-circuited sheaths have very similar results, with a 

positive voltage wave reflection arriving around the 225 μs. Using this value and the cable length, 

the propagation velocity is calculated as 2 3953 225 35m μsc    . This positive voltage 

reflection is accompanied by a negative current reflection, as observed in Figure 2.75.  

This reflections transmitted from the receiving end is not observed in the cases of sheath grounded 

at the receiving end because the attenuation is higher in this case. 
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a) Open-circuit termination. b) Bonded termination. 
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c) Grounded termination.  

Figure 2.73 Surge test circuit for zero-sequence sheath application on a major section. 
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Figure 2.74 Sending end sheath voltages for zero-sequence surge application to the sheaths of a 

major section for different sheath terminations.6 

 

Figure 2.75 Sending end currents for zero-sequence surge application to the sheaths of a major 

section for different sheath terminations.6 

3.2 Energising test on RTE 225 kV cross-bonded cable 

A test for energising the full RTE 225 kV cable was carried out before the cable was put in service. 

The sending end is in the substation of Boutre with a short-circuit capacity of 7740 MVA and the 

receiving end is in the substation of Trans (Trans-en-Province) with a capacity of 4194 MVA. Both 

substations have X/R ≈ 7. A shunt compensator of 80 Mvar and 175 kW is located at the Trans 

substation terminal. In the test, the cable was first energised from the substation of Boutre, with the 

far end open-circuited. The cable was then energised from the substation of Trans. The closing 

times are t = 4.5 ms, t = 6 ms and t = 6 ms for phase-a, phase-b and phase-c, respectively. Only the 

compensation at Trans is connected during the field test. This is illustrated in Figure 2.76. 
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Figure 2.76 Field test circuit for energising the RTE 225 kV cable [51]. 

3.2.1 Energising from Boutre substation 

Figure 2.77 shows the first second of the current and voltage measurements when the cable was 

energised at the Boutre substation. Figure 2.78 and Figure 2.79 show the initial transients in greater 

detail. The current initially drawn by the cable is very high. Phase-8 has an initial peak of 3533 A 

which damps out to 776 A after about 5 cycles (100 ms). The maximum currents in the other phases 

were 3210 A in phase-0 and 3151 A in phase-4. It is also observed that the voltage reaches steady-

state much faster than the current, which does not attain steady-state during the measurement.  

 

Figure 2.77 Currents and voltages during energising of RTE 225 kV cable from the substation of 

Boutre.7 

                                                 

7 Plotting: CableSimulation_Files\EnergisingTest_RTECable\Measured_data\Plot.m  
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Figure 2.78 Initial transient currents during energising of RTE 225 kV cable from the substation of 

Boutre.7 

 

Figure 2.79 Initial transient voltages during energising of RTE 225 kV cable from the substation 

of Boutre.7 

3.2.2 Energising from Trans substation 

Figure 2.80 shows the currents and voltages measured during the energising of the cable from the 

Trans substation. The source is applied at t = 648.3 ms for phase-a, t = 646.7 ms for phase-b and 

t = 648ms for phase-c. More detailed current waveforms are shown in Figure 2.81. The currents 

have a decaying DC component due to the shunt compensation. Despite this, the phenomenon of 

zero-missing current is not observed. After energising, the voltages are reduced from 1.09 pu to 

1.04 pu which shows that the network absorbed part of the reactive power generated by the cable. 

                                                 

Data: CableSimulation_Files\EnergisingTest_RTECable\Measured_data\Measured.mat 
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Figure 2.80 Currents and voltages during energising of RTE 225 kV cable from the substation of 

Trans.7 

 

Figure 2.81 Initial transient currents during energising of RTE 225 kV cable from the substation of 

Trans.7 

3.3 Discharge test of a 275 kV pipe-type pressurized oil-filled cable in 

Japan 

A field test for commissioning of an underground 275 kV pipe-type pressurized-oil-filled (PT-

POF) cable with 20 km length was performed in Japan in 1971. At that time, the 275 kV PT-POF 

cable installation was a first-time experience. The field test was thus intended to give a basis for 

the creation of standards for PT-POF cables in Japan. The field test involved a series of 

measurements: characteristics of oil behavior, DC voltage withstand, surge propagation, 
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thermal/mechanical behavior of steel pipes, etc. [21]. Cable charging and discharging 

characteristics were also measured. 

 

3.3.1 Test setup and cable data 

Other than the measured results, a significant contribution of [21] is that the leakage currents of 

components used in the test are given, which are necessary for estimating the corresponding 

leakage resistances. These parameters allow theoretical calculations and simulation of the charging 

and discharging processes. Although the cable capacitance is easily calculated from the cross-

section geometry and the insulation permittivity, the leakage currents of insulator poles, bushing 

and cable insulation are not available in general and are very difficult to measure or to estimate 

theoretically. 

The description of the tested cable is given in Table 2.9. According to the test description and 

theoretical analysis in [21], the cable is charged through a resistance 0R  for 1 hour up to a certain 

voltage using a DC voltage generator. The cable is then switched off and slowly discharges due to 

leakage current in its insulation and in the components connected to it. After 88 minutes, a forced 

discharge leads the cable voltage to zero. The three cores are bonded together and the sheaths are 

grounded at both terminals. The following values are given in [21]  

0 3mAI  , generator rated current, 

max 414kVV  , maximum cable voltage, 

0.6mAextI  , leakage of external components at maxV , 

22GΩ-kmcableR  , cable leakage resistance (inverse of per-unit-length shunt conductance cableG  

in S/km), 

30MΩWR  , resistor used to force full discharge of the cable, 

min 250kVV  , voltage just before the forced discharge. 
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Table 2.9. Data of 275 kV PT-POF cable in Japan [21],[52] 

Core conductor inner radius 0 mm Core conductor resistivity 1.728∙10-8 Ω-m 

Core conductor outer radius 23.65 mm Screen resistivity 73∙10-8 Ω-m 

Screen inner radius 43.65 mm Pipe resistivity 10∙10-8 Ω-m 

Screen outer radius 44.65 mm Pipe permeability 300 μ0 

Cable outer radius 46.65 mm 
Core/screen/pipe  

insulation permittivity 
3.7 ε0 

Pipe inner radius 127.3 mm 
Semiconducting  

layers thickness 
3 mm 

Pipe outer radius 133.7 mm Burial depth 2.5 m 

 

The above data together with the description and theoretical analysis in [21] lead to the circuit in 

Figure 2.82. The remaining unknown values in the circuit can be easily calculated as follows. The 

charging resistance is 0 max 0 138MR V I   . max 690Mext extR V I    is the leakage 

resistance of the external circuit, assumed in this study as equally distributed on both sides of the 

switch ( 1 2 2 1380Mext ext extR R R    ). The total cable leakage resistance is calculated as 

 cable cableR R nl   (3.3) 

where 22GΩ-kmcableR  , 20kml  and 3n   phases in parallel, resulting into 

367 MΩcableR  . The total capacitance of the cable is calculated as 

 cable cableC nl C   (3.4) 

 
 

02

log

r
cable

e out in

C
r r

 
    (3.5) 

where 3.7r   is the relative permittivity of core insulation, 40.65mmoutr   and 26.65mminr   

are respectively the external and internal radii of insulation in Table 2.9, resulting into 

29.3μFcableC  . 

The switch 0S  is closed at 0t   to charge the cable and opens at 60mint  , letting the cable 

discharge. WS  is closed ( 0S  is now open) at 148mint   forcing the total discharge of the cable.  
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b) Approximate equivalent circuits for charging; c) and discharging. 

Figure 2.82 Estimated circuit for field testing on a 275 kV PT-POF cable in Japan [52]. 

3.3.2 Measured discharge voltage 

The measured voltage characteristic of the cable during charging and discharging is shown in 

Figure 2.83.  
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Figure 2.83 Field test of 275kV PT-POF cable in Japan (reproduced with permission from the 

measured result in [21]).8 

As the first approximation, the result in Figure 2.83 can be explained using the equations of an RC 

circuit. This approximation is explained further in section 4.2. Based on the circuit in Figure 2.82b, 

the cable response during discharge is  

   max
tv t V e    (3.6) 

for 60 148 mint  , with 1 60 mint   and 2 148 mint  . The time constant is calculated using the 

total leakage resistance || 290MΩtotal ext2 cableR R R   and the cable capacitance 29.3μFcableC   

as 

 total cableR C    (3.7) 

resulting into 8483 s 141.38min    [52].  

The time required to discharge the cable from  1 414 kVv t   to  2 250 kVv t   is calculated 

from 

 
 

 
1

2 1
2

loge

v t
t t

v t


 
   

 
  (3.8) 

                                                 

8 Circuits: CableSimulation_Files\CableDischarge\EMTP_Circuits.ecf 

Plotting: CableSimulation_Files\CableDischarge\Plot_FieldTests.m 
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resulting into 2 1 71.3mint t   [52]. This value is too low compared to the 88 minutes of the 

voltage in Figure 2.83 measured in the field test and it shows that the leakage estimate was incorrect 

in [21]. 

3.4 Laboratory test of leakage currents, cable in Japan 

In 1970, the same cable manufacturer performing the field test in section 3.3 [21] carried out a 

laboratory test using 1 m length model cables [22],[23]. The goal of the test was to observe the 

variation of leakage current with applied voltage and insulation temperature. 

3.4.1 Test setup and cable sample 

The laboratory test was carried out on specially designed model cables. A copper electrode of 

35 mm radius and 1 m length used as core conductor is lapped over by an insulation of oil immersed 

paper with 125 μm thickness and relative permittivity of 3.6. Four model cables were produced 

with 0.5, 1, 3 and 5 mm thick insulation. The paper insulation is itself lapped over by a lead tape 

sheath. The model cables are inserted each into a chamber filled with oil at a pressure of 1 kg/cm2. 

The oil temperature is controlled by forced circulation. 

The model cables were charged for 20 hours, and then discharged to measure the leakage current 

of the thin insulation film.  

3.4.2 Measured leakage currents 

Figure 2.84 shows measured curves of leakage currents as a function of time for insulation 

temperatures of 20oC and 80oC. The three curves in each figure correspond to the initial applied 

voltages per millimeter of insulation thickness, of 10 kV/mm, 20 kV/mm and 30 kV/mm. 

Due to normalization of applied voltage used in [22],[23], the curves in Figure 2.84 are applicable 

to all four model cables with different insulation thickness. Given the small thickness of the 

insulation ( d  varies between 0.5 and 5 mm) in relation to the insulation inner radius ( 35mminr 

), the electric field strength E  (kV/mm) is nearly uniform inside the insulation and can be 

calculated from the applied voltage V  using the relation V E d . 

Figure 2.84 clearly shows the influence of insulation temperature. The leakage currents for 80 oC 

are about 10 times higher than those for 20oC. 
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It is also observed in Figure 2.84 that the leakage current decreases with electric field strength E , 

but the three curves are nearly parallel in Figure 2.84 (left), which indicates that the leakage 

resistance calculated as totalR E d I  is not much dependent on the variation of electric field 

strength in this case. On the other hand the curves of leakage current for 80 oC are not parallel. This 

indicates that the influence of electric field on the value of leakage resistance may be more 

important at higher temperatures [60]. 

The test results in Figure 2.84 can be used to estimate the voltage of the model cables during 

discharge as 

    0

0

E d
v t i t

I
   (3.9) 

where 0E  is the initial electric field applied to the model cable,  i t  is the leakage current in 

Figure 2.84 and 0I  its initial value, and d  is the insulation thickness of the model cable. The 

voltages for the case of 1 mm thick insulation are shown in Figure 2.85, where the impact of 

temperature on the rate of decay is clearly observed. 

The leakage currents in Figure 2.84 have a characteristic given by  

   0
ti t I e    (3.10) 

where 0I  is the current at 0t  . The capacitance for the model cable with 1 mm insulation 

thickness is calculated from (3.4) and (3.5) with 3.6r  , 35 mminr  , 36 mmoutr  , 1 ml   and 

1n  , resulting into 7.11 nFcableC  . References [22],[23] do not give details on the leakage 

resistance, but it can be estimated from the cable capacitance and the time constant of the current 

in Figure 2.84a calculated with the formula in (3.8) 

 
 

 

60 100 1
1433.2s

log 10 0.1585e


 

    

Using 7.11 nFcableC   and 1433.2s   in (3.7), 201.6 GΩtotalR   is found [52]. This value 

includes the leakage of the model cable and the external circuit. Such a high leakage resistance 

may be explained by very low losses in paper insulated cables and by the fact that a laboratory test 

has better conditions (low humidity, low levels of contamination) than a field test [52]. 
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Figure 2.84 Measured leakage currents (reproduced with permission from the measurement results 

in [22]). 9 

 

Figure 2.85 Voltage of model cable of 1 mm thick insulation during discharge test for different 

values of initial applied voltage and temperature [52].9 

3.5 Discharge test of National Grid, UK 275 kV oil-filled cable 

There is very little information in the literature on what is average time required to discharge HV 

cables to safe voltage levels, without using forced discharge. For this reason, in 2015 National 

Grid, UK carried out a discharge test on a 275 kV oil-filled (OF) cable with 21 km. Voltage, 

temperature, pressure and relative humidity of air were simultaneously measured during a total of 

10 hours. This allowed studying the impact of these factors on the discharge time of the system. 

                                                 

9 Plotting: CableSimulation_Files\CableDischarge\Plot_FieldTests.m 
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3.5.1 Test setup and cable data 

Table 2.10 and Figure 2.86 show the details of the 275 kV POF cable with a length of 21 km. The 

cable is used in a trench with a depth of 1 m. The cable sealing end at ground level is connected to 

a piece of overhead horizontal busbar with a length of about 13.5 m. The busbar is supported by 

two vertical insulator poles, each with an axial length (not creepage) of 2.4 m. The capacitance of 

each cable phase is calculated using the data in Table 2.10, i.e. 3.8r  , 40mmsh inr   , 

29.75mmco outr   , and 
321 10 ml    into (3.4) and (3.5), resulting 15.0μFcableC  . 

The three cable phases are fed by a balanced source reaching 2 pu in phase-c, -1.3 pu in phase-b 

and -1.6 pu in phase-a. The source is switched off and the voltage in the cable is measured for 10 

hours.  

Table 2.10. Data of 275 kV POF cable in U.K [28] 

Core conductor inner radius 6.8 mm Core conductor resistivity 1.724∙10-8 Ω-m 

Core conductor outer radius 26.75 mm Screen resistivity 21.3∙10-8 Ω-m 

Screen inner radius 43.00 mm 
Core insulation permittivity 3.8 ε0 

Screen outer radius 47.20 mm 

Semiconducting layers thickness 3 mm Screen insulation permittivity 8 ε0 

Cable outer radius 51.56 mm Depth 1 m 

 

 

Figure 2.86 Layout of 275kV POF cable in the UK [28]. 

3.5.2 Measured discharge voltage 

Figure 2.87 shows the measured cable voltage during discharge. It took about 8 hours to fully 

discharge the cable. 

The voltage measured in each phase in Figure 2.87 follows a characteristic given by (3.6). 
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The time constant for discharging each phase can be obtained using any two points 1t  and 2t  of a 

curve in Figure 2.87 and equation (3.8), resulting 3.04 ha  , 3.20 hb   and 3.50 hc   [52]. 

The leakage resistances can be estimated using the time constants and the capacitance 

15.0 μFcableC   in (3.7) giving  

729.8MΩtotal aR   , 768.2MΩtotal bR   , and 840.2MΩtotal cR   . These values include the 

leakage in the cable and in the external circuit. 

In reality, the above leakage resistances are average values based on the initial voltage 

characteristics in Figure 2.87. Another approach is to estimate the time constant from (3.8), 

rewritten as 

 
 

 
log

0
e

v t t

v 

 
  

 
  (3.11) 

The above equation shows that if the vertical axis in Figure 2.87 is transformed to logarithmic 

scale, the value of   can be observed simply from the slope of the voltage characteristic. This is 

illustrated in Figure 2.88, and it is easily observed that the time constant changed during the test. 

This is because the humidity in air increased during the test, which caused an increase of the 

leakage current and a reduction of the time constant.  

Figure 2.89 shows temperature, pressure and relative humidity measured during the field test. The 

humidity increased from 80% to 100%. The impact of this change is that the time constant is 

reduced from 3.5 hours (initial) to 1.5 hours and the leakage resistance is reduced from

840.2 MΩtotal cR    to 360.1 MΩ . 

The impact of air humidity is caused by the busbar, insulator poles connected to the cable, as well 

as the cable sealing ends which are exposed to air. 
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Figure 2.87 Test results of discharge voltage, 275 kV POF cable, courtesy of National Grid, UK 

[52].10 

 

Figure 2.88 Test results of Figure 2.87, logarithmic scale, courtesy of National Grid, UK [52].10 

                                                 

10 Figures : CableSimulation_Files\CableDischarge\UK_MeasuredResults.docx 
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Figure 2.89 Temperature, humidity and absolute pressure measured during the field test by 

National Grid, UK (courtesy of National Grid) [52].10 

3.6 Conclusion 

This chapter presented five field and laboratory tests on underground HVAC cables.  

The first was a surge test conducted by RTE-France on a minor and on a major section of a 225 kV 

underground XLPE cable. The test which followed CIGRÉ Standards, was intended to observe the 

cable response to the excitation of different propagation modes and to analyze the impact of sheath 

cross-bonding.  

The second test was an energising test conducted by RTE on the full length of the same cable. The 

objective was to study the transient voltages and currents observed during a normal switching 

operation, in particular when reactive compensation is applied. 

The third test dates back to 1971 and was carried out in Japan for the commissioning of a 275 kV 

PT-POF cable with 20 km. The cable voltage was measured during charging and both natural and 

forced discharging. The fourth test was carried out by the same manufacturer of the 275 kV PT-

POF cable. It consisted on a laboratory measurement of the leakage currents of 1 m cable samples 

under different conditions of temperature and initial applied voltage. 
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Finally, the fifth test was carried out in 2015 by National Grid, UK on a 275 kV OF cable with 

21 km. Not only was the cable voltage measured during discharge but also the temperature and 

humidity of air during the measurements.  

The different test results presented in this chapter will be used in the following sections to validate 

the developments presented in this thesis. 
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CHAPTER 4 CALCULATION OF CABLE PER-UNIT-LENGTH 

PARAMETERS FROM FIELD TEST RESULTS 

The main scope of this chapter is demonstrating the calculation of cable per-unit-length parameters 

based on field test results. 

Cable models for transient studies are often analyzed based on simulations only [7],[12]. However, 

to validate the models it is necessary to compare the simulation results with measurements carried 

out on the real cable system [8],[10],[14]-[20].  

The usual practice when validating cables models for transient studies is to compare the 

attenuation, propagation velocity and characteristic impedance of measured voltages and currents 

to the same values calculated using the model. This allows verifying that a model is accurate but 

gives little insight when deviations between field tests and simulations are observed. 

The first section of this chapter demonstrates a method for extracting additional information from 

results of surge field test, namely the per-unit-length resistance, inductance and capacitance for 

each mode of propagation. This additional data allows a better identification of the source of 

deviation between field tests and simulations. The method is applied to a field test presented in 

section 3.1. The RLC parameters evaluated from the field test results are already in modal domain 

because each energising excited one single specific mode. 

The second section of this chapter is dedicated to calculating the per-unit-length conductance, 

which related to losses inside the cable insulation. This parameter has almost negligible impact 

during surge or switching transient phenomena but it is determinant during the cable natural 

discharge, which is a nearly DC phenomenon. In the literature as in this thesis the cable shunt 

capacitance is often referred to in terms of its inverse, i.e. the leakage resistance of cable insulation. 

Estimation of the cable leakage resistance is demonstrated based on discharge tests presented in 

sections 3.3 and 3.5. The impact of leakage in external insulator equipment, usually exposed to air 

temperature, humidity and contamination, is also made clear. Typical values of discharge time are 

given. These values depend on the cable capacitance and leakage resistance as well as on the 

leakage resistance of the external insulators are indicated. 

Equation Chapter (Next) Section 1 
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4.1 Evaluating the per-unit-length resistance, inductance and 

capacitance from surge measurements 

Calculating the PUL resistance, inductance and capacitance from a surge test result requires several 

steps, explained in the following sections. First the field test measured result is approximated by 

the response of a simple RLC lumped circuit. Then the parameters of the lumped circuit are 

converted into PUL parameters such that the frequency and attenuation on the two systems remains 

the same. Finally, to be able to compare the parameters extracted from field tests to the cable model 

parameters it is necessary of transform the field test parameters from modal to phase domain. To 

be able to calculate the phase domain cable matrices it is required to have field test results for the 

excitation of all the propagation modes. The method is demonstrated with an example of the field 

test presented in section 3.1. 

4.1.1 Calculation of lumped parameters for equivalent circuits 

The cable transient responses shown in section 3.1 can be approximated by the response of simple 

RLC circuits. L-equivalent, PI-equivalent and T-equivalent lumped circuits are alternatives for 

modeling the cable responses. However, PI-equivalent and T-equivalent have two transient 

frequencies instead of one and require two-times more information from the measured results to 

determinate RLC parameters. Therefore, L-equivalents as illustrated in Figure 2.90 are used to 

represent the cable under different transient conditions. To simplify the derivation of analytical 

responses in Laplace domain [18][53], the field test impulse voltage is approximated by a unit step 

voltage [20].  

+ +

+

R L

C

 

Figure 2.90 L-equivalent circuit (RLC circuit) model for cable [20]. 
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The Laplace transform of the current in an L-equivalent circuit and its time-domain form are given 

by 

 ( )
1

E
I s

s R sL
sC


 

  
 

  (4.1) 

where E  is the amplitude of the step function. The initial conditions are zero. The general time-

domain form of (4.1) which is also valid for the over-damped condition with 
2 2   is 

  ( ) sinht
d

d

E
i t e t

L

 


   (4.2) 

where  2R L  , 2 2
d     and 1 LC  .  

For the oscillatory condition  

   2 2( ) sin ,t
d

d

E
i t e t

L

   


    (4.3) 

and for the critically damped condition 

 
2 2( ) ,tE

i t te
L

      (4.4) 

Given the different forms of time-domain responses in (4.2) to (4.4), different approaches must be 

used to extract RLC parameters according to the nature of the transient responses. For the 

oscillatory condition, the attenuation is calculated from two current peaks ( 1nI   and nI ) and the 

time pt  between them as  1ln n n pI I t   and cZ  is found from the ratio of peak voltage and 

current. Knowing that the characteristic impedance is also approximately given as cZ L C , it 

is then possible to extract cL Z  ,  1 cC Z  and 2R L . 

For the critically damped condition (4.4), the current maximum  max 2I E eR  is reached when 

max 1t  . Thus it is possible to extract  max max1 , 2t R E eI   ,  2L R   and 

24C L R .  
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Although the critically damped condition is observed only for a very specific frequency 
2 2  , 

it is easier to calculate the RLC parameters for (4.4) than for the over-damped condition because 

of the hyperbolic function present in (4.2).  

4.1.2 Calculation of per-unit-length parameters from equivalent circuits 

The point of calculating L-equivalents which represent the cable transient responses is to validate 

the parameters output by the cable model data calculation function (CMDCF) [61],[62],[63]. 

However, lumped parameters of L-equivalents cannot be directly compared to PUL parameters. 

Wave velocity and propagation delay are concepts that do not apply to lumped-parameter circuits. 

Nevertheless, L-equivalents can be converted to distributed-parameter circuits which have the 

same response under specific conditions. The natural frequency for the L-equivalent is 

 1 2f LC  whereas in an actual cable, it is found from  1 4f L C   , with  being the 

cable length and when the receiving end is open-circuited. The parameters of a distributed-circuit 

which has the same transient response as the L-equivalent are calculated by setting the two 

frequencies f  and f   as being equal, which results into [20] 

 ' , 'L L C C     (4.5) 

where 'L  and 'C  are the PUL parameters and  2  . The same correction applies to the 

resistance to ensure that attenuation remains the same for lumped and distributed circuits, as 

demonstrated in appendix B.  

4.1.3 Calculation of a transformation matrix 

As explained in section 2.2, the parameters of a cable associated to each propagation mode depend 

upon the transformation matrix used. The RLC parameters evaluated from the field test results are 

already in modal domain because each energising excited one single specific mode. The parameters 

obtained from the CMDCF are in phase domain or in modal domain using a modal transformation 

matrix that requires modifying the scaling factor of its eigenvectors.  

To know which transformation matrix is associated to the parameters calculated from the field test 

results, the measured waveforms are compared to the response of a multi-phase constant-parameter 

(CP) model which uses the PUL values obtained from the field test.  
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The CP model is defined by the R , L  and C  parameters for each propagation mode and by a 

constant real transformation matrix [48]. Given that the transients measured in the field test involve 

relatively high frequencies, a transformation matrix calculated at a high frequency (37 kHz) by the 

CMDCF can be used. Consider the following notation: 

 

 

1 1 2 3 2

0 0 4 4 8 8

T

co ish co ea co ish

T

c s c s c s

I I I I I I

I I I I I I



   



m i ph

m

ph

I T I

I

I

  (4.6) 

where phI  and mI  are the vectors of phase and modal currents at the cable sending end. In phI , 

subscripts c and s are used for core and sheath voltage. The phases are identified by 0, 4 and 8. In 

mI  subscripts co, ish and ea are used to identify coaxial, inter-sheath and earth-return modes.  

It is well-known that the columns of the above matrix are eigenvectors of the matrix of propagation 

factors, and that they are not uniquely defined, that means we can multiply an eigenvector by an 

arbitrary constant and it will still be a valid eigenvector. If we multiply an eigenvector iT  by a 

constant k, this will affect the series impedance matrix in the following way [20] 

  2 2T T
m mZ k k k k Z   i ph i i ph iT Z T T Z T   (4.7) 

This will in turn affect the corresponding modal current by 2
m m mI k Z V , where m is the 

propagation mode corresponding to the eigenvector iT . Therefore, we can calculate which constant 

to multiply by each eigenvector by comparing the modal current obtained by the L-equivalent and 

by the multi-phase CP model.  

4.1.4 Application to the surge test carried out by RTE 

The calculation of PUL cable parameters from field test results is demonstrated with application to 

the field test presented in section 3.1. 

4.1.4.1 Coaxial Mode: Oscillatory 

As observed in Figure 2.40 and Figure 2.41, the response of the cable to a coaxial wave is 

oscillatory. The RLC values for the coaxial mode test are calculated below [20]. The parameter 
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avgT  is the period of oscillations, the subscript avg stands for average value and the samples of 

current use the index n. 

max max 1752 69.07 25.37cZ V I     

 1 1.273, 27.18 μs, 6.80 μsn n avg avgavg
I I T      

158.92 m/μs, 36.79 kHzavg avgv f   

6ln1.273 27.18 10 8888.71     2 0.1098 mH/1080 mcL Z f   

 1 2 0.171 μF/1080 mcC Z f   

2 1.952 /1080 mR L    

To validate the accuracy of RLC parameters, the above calculations are compared to the field test 

result in Figure 2.91. The agreement between field test and the L-equivalent circuit is satisfactory. 

 

Figure 2.91 Comparison of field test result of coaxial mode current with the response of RLC 

equivalent circuit.11  

The parameters of the equivalent distributed model (CP model) are calculated by applying the 

relation in (4.5) resulting into  2 1.81 2.84 Ω kmR    ,  2 0.102 0.160 mH kmL     and 

                                                 

11 Circuits: CableSimulation_Files\FieldTestSimulation_RTECable\EMTPCirc_MinorSection\Minor_Section.ecf  

Plotting: CableSimulation_Files\FieldTestSimulation_RTECable\Plotting\Plotting_MinorSection.m 
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 2 0.158 0.249 μF kmC    . The current responses for the L-equivalent circuit and the CP-

model with these PUL parameters are given in Figure 2.92. As observed in the figure, the frequency 

and attenuation of the two models are exactly the same. The square-shaped wave of the CP model 

is due to the fact that it does not account for the frequency dependencies of R  and L . 

 

Figure 2.92 Coaxial mode currents using L-equivalent and CP models [20].11  

4.1.4.2 Inter-Sheath Mode: Oscillatory 

Figure 2.43 and Figure 2.45 show that the cable response to inter-sheath waves is oscillatory. The 

RLC values for the inter-sheath mode are thus calculated as [20] 

 11221 49.01 24.91 , 1.791c n n avg
Z I I     

36.9 μs, 9.23 μs, 117.07 m/μsavg avg avgT c  

6 327.10 kHz, ln1.791 36.9 10 15.793 10avgf        2 0.146 mH/1080 mcL Z f   

 1 2 0.236 μF/1080 mcC Z f   

2 4.61 /1080 mR L    

To validate the accuracy of RLC parameters, the above calculations are compared to a field test 

result of inter-sheath mode excitation in Figure 2.93. The agreement between field test results and 

the L-equivalent circuit results is satisfactory. 

The parameters of the equivalent distributed model (CP model) are calculated by applying the 

relation in (4.5) resulting into  2 4.27 6.71 Ω kmR    ,  2 0.135 0.212 mH kmL     and 
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 2 0.219 0.344 μF kmC    . To validate the accuracy of RLC parameters, the above 

calculations are compared to measurements (minor section) in Figure 2.72. The agreement between 

field test and the L-equivalent circuit result is satisfactory. 

 

Figure 2.93 Comparison of field test result of inter-sheath mode current with the response of RLC 

equivalent circuit. 11 

4.1.4.3 Earth-Return Mode: Critically Damped 

Figure 2.52 and Figure 2.55 show that contrary to coaxial and inter-sheath modes the response of 

the cable to a pure earth-return wave is non-oscillatory due to the high resistance of the grounding 

system and earth-return path. The RLC values for the earth-return mode are estimated as [20] 

1767 27.04 65cZ     

3
max max106.7 94.9 11.8 μs 1 84.7 10t t        

 max max27.04 A, 1767 V 2 e 48.1 Ω/1080 mI E R E I      

  22 0.284 mH/1080 m, 4 0.491 μF/1080 mL R C L R     

The parameters of the equivalent distributed model (CP model) are calculated by applying the 

relation in (4.5) resulting into  2 44.54 69.96 Ω kmR    ,  2 0.263 0.413 mH kmL     

and  2 0.455 0.715 μF kmC    .  

To validate the accuracy of RLC parameters, the above calculations are compared to the 

measurement result of earth-return excitation Figure 2.94. Contrary to the coaxial and inter-sheath 

50 100 150 200 250 300 350 400 450 500
-60

-40

-20

0

20

40

60

Time (us)

S
u
rg

e 
te

st
er

 c
u
rr

en
t 

(A
)

 

 
Field test

L-equivalent



82 

 

modes, the agreement between field test and the L-equivalent circuit result is not good after the 

first 50 μs, with the L-equivalent circuit giving a slower decaying current. This is due to the 

impedance of earth-return and grounding system. 

 

Figure 2.94 Comparison of field test result of earth-return mode current with the response of RLC 

equivalent circuit. 11  

4.1.4.4 Validation against the cable parameter calculation routine of EMTP-RV 

The transformation matrix by the CMDCF of EMTP-RV is given by [20] 

 

0.29 0 0.41 0 0.50 0 core-0

0.29 0.41 0.41 0.58 0.50 0.71 sheath-0

0.58 0 0.41 0 0 0 core-4

0.58 0.82 0.41 0.58 0 0 sheath-4

0.29 0 0.41 0 0.50 0 core-8

0.29 0.41 0.41 0.58 0.50 0.71 sheath-8

T

 
   
 
 

  
 

 
 
 
   

iT   (4.8) 

This transformation matrix has to be modified to make sure the multi-phase cable model presents 

the same responses to each modal excitation as the real cable which responses were measured 

during the field test. 

Figure 2.95 shows the sending end current for the coaxial mode obtained by the L-equivalent and 

by the CP model using the transformation matrix in (4.8). The frequency and attenuation of the two 

waveforms is the same but one’s amplitude is twice as large as the other’s. Following the 

explanation in section 4.1.3, the correction term for the coaxial mode eigenvectors is 2 2k  . The 
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dotted line in Figure 2.95 shows the response of the CP model when multiplying the coaxial mode 

eigenvectors by 2k  , which shows the same amplitude as the L-equivalent model. 

 

Figure 2.95 Comparison of a coaxial mode current for an L-equivalent model, a constant-parameter 

(CP) model using the transformation matrix by the cable parameter calculation routine (CC) and a 

CP model with a corrected transformation matrix [20]. 11  

Applying the same reasoning to the intersheath and the earth-return modes gives the final 

transformation matrix [20] 

 

0.41 0 0.58 0 0.70 0 core-0

0.41 0.50 0.58 0.32 0.70 0.87 sheath-0

0.82 0 0.58 0 0 0 core-4

0.82 1.0 0.58 0.32 0 0 sheath-4

0.41 0 0.58 0 0.70 0 core-8

0.41 0.50 0.58 0.32 0.70 0.87 sheath-8

T

 
   
 
 

   
 

 
 
 
   

iT   (4.9) 

Table 2.11 presents the computations of parameters from the EMTP CMDCF and from the field 

test results. It is observed that the results from the CMDCF for L  and C  are sufficiently accurate 

and consequently the propagation velocity c  and characteristic impedance cZ  agree with field 

tests. The resistance R  found from field tests is always greater than the one found from the CC. 

This can be explained with the fact that field test results involve resistances in the measuring system 

(e.g. source internal resistance, grounding resistance). 
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Table 2.11. RLC parameters calculated from field test results and from EMTP-RV cable model 

data calculation function (CMDCF) [20]. 

Mode Source  Ω kmR   mH kmL   μF kmC  

Coaxial 

f=37 kHz* 

Field 2.84 0.160 0.249 

CMDCF 0.352 0.139 0.264 

Inter-sheath 

f=27 kHz* 

Field 6.70 0.212 0.343 

CMDCF 0.208 0.203 0.343 

Earth-return 

f=13 kHz* 

Field 69.9 0.413 0.609 

CMDCF 13.4 1.16 1.65 

* Dominant frequency of transient waveform 

4.2 Evaluating the cable insulation leakage resistance from discharge 

test measurements 

As observed in Sections 3.3, 3.4 and 3.5, the time required to discharge a cable depends not only 

on the leakage of cable insulation but also on the leakage of insulators connected to the cable. The 

term insulator is used for any system component providing a path for leakage currents, e.g. cable 

sealing ends, insulator poles, and bushing. 

The discharge of distributed-parameter systems, e.g. cables and lines, is in general different from 

the discharge of lumped-parameter systems, e.g. reactive power compensation capacitor. However, 

since the phenomenon of cable discharge is very slow, the wavelength will be much larger than the 

cable length. At 60 Hz, assuming a typical propagation velocity of 150 m/μs, the wavelength is 

 6150 10 60 2500km    , being even larger for lower frequencies. In such case, the cable is 

considered as “short” and the response of the cable and insulators connected to it follows the 

equations of a simple parallel RC circuit with time constant given by (3.7). 

It must be noted that discharge through a grounding switch, which represents a short circuit across 

a charged cable, or equipment such as wound voltage transformers would be different to discharge 

considered in this thesis as in those cases the cable series parameters influence the discharge. Those 

discharge types are out of the scope of this thesis. 

The value of totalR  in (3.7) depends both on the leakage through the cable insulation and through 

the insulators connected to the cable. The cable insulation is practically not affected by external 
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factors, like weather and pollution. On the other hand, insulators (cable sealing ends, insulator poles 

and bushing) are generally exposed to air and thus are directly affected by humidity and 

contamination.  

This section presents a method for calculating a model of a cable system during discharge. The 

cable capacitance is calculated directly from the cable data while the cable shunt resistance (or 

insulation leakage resistance) is calculated from test results of cable discharge. Typical values of 

cable and insulator parameters are given and allow estimating the discharge time constants based 

only on the voltage level, cable insulation material (EPR, XLPE, paper insulation) and insulator 

type (ceramic or composite). 

4.2.1 Cable parameters 

Cable response during discharge is influenced by its per-unit shunt parameters, i.e. the shunt 

capacitance in (3.5) and shunt conductance, or more commonly used, the shunt resistance of its 

insulation 

 
 log1

,
2

e out in cable
cable cable

cable

r r R
R R

G l






   


  (4.10) 

where   and r  are the resistivity and relative permittivity of insulation between core and sheath, 

inr  and outr  are the internal and external radii of insulation. The total cable capacitance and shunt 

resistance are calculated using (3.5) and (4.10) into (3.4) and (3.3), respectively, with l  the length 

of the cable and n  the number of phases bonded ( 1n   if the phases are not bonded). 

Combining (3.3)-(3.5) and (4.10), it is possible to calculate cableR  using the cable capacitance and 

permittivity parameters commonly found in cable datasheets 

 0 r
cable

cable

R
C

  
   (4.11) 

Table 2.12 gives the resistivity and relative permittivity for typical cable insulation [54]-[56]. The 

capacitance for 275 kV cables is generally within 0.12-0.45 μF/km [57],[58]. 
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Table 2.12. Properties of Cable Insulation Material [52],[54]-[56]. 

Insulation EPR XLPE Paper (Kapton, Polyimide) 

Resistivity  10 GΩ-km 100 GΩ-km 1000—1500 GΩ-km 

Relative permittivity 2.5—2.6 2.3—2.5 3.4—3.8 
 

Based on Table 2.12 and typical capacitance values, it is possible to calculate the leakage resistance 

and leakage current for 275 kV cable systems in Table 2.13. Paper insulated cables have by far the 

least leakage current.  

Table 2.13. Leakage Resistance and Current in 275 kV Cables [52]. 

 EPR XLPE Paper 

Leakage 

Resistance 

0.49–1.92 

GΩ-km 

4.53–18.4 

GΩ-km 

66.9–280 

GΩ-km 

Typical 

values 

C=0.35 μF/km, 

R=0.63 GΩ-km 

C=0.25 μF/km, 

R=8.1 GΩ-km 

C=0.45 μF/km, 

R=74.8 GΩ-km 

Leakage 

Current 
0.35 mA/km 0.028 mA/km 0.003 mA/km 

 

4.2.2 Insulator parameters and leakage current 

The performance of insulators (cable sealing ends, insulator poles and bushing) is generally 

evaluated through specific tests under wet and contaminated conditions and it is quantified in terms 

of equivalent salt deposit density (ESDD) which is used to calculate the dielectric strength of the 

insulator. These tests are good enough for porcelain and glass insulators, but they are insufficient 

for composite insulators which, in addition to contamination and moisture, are also affected by 

aging of the housing material. Furthermore, they do not inform on the leakage current or leakage 

resistance of the insulator. 

The IEEE Working Group on Insulator Contamination proposed an alternative method for 

evaluating the performance of insulators using measures of surface resistance and published results 

for three types of insulators: porcelain, ethylene propylene diene monomer (EPDM) and silicone 

rubber [59]. Table 2.14 shows values of surface resistance measured by the IEEE working group 

[59]. The surface resistance is expressed in ohm per mm of leakage (or creepage) distance.  
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It is clear from Table 2.14 that composite insulators (EPDM and silicone) have substantially better 

performance (higher surface resistance) than porcelain. It is also clear from Table 2.14 that the 

presence of contaminants in the walls of the insulator greatly reduces its performance. 

Table 2.14. Insulator surface resistance per mm of leakage distance (kΩ/mm) [52],[59]. 

 EPDM Silicone Porcelain 

Uncontaminated 80 — 210 >5300 3.1—10 

Contaminated 0.27 — 5.3 2.7—8 Not Measured 
 

The leakage resistance of an insulator can be obtained as 

 insulator surf leakageR R d   (4.12) 

where surfR  is the surface resistance given in Table 2.14 and leakaged  is the leakage distance of the 

insulator. Values of leakage distance are easily found in manufacturer catalogs. For 275 kV 

insulators the usual values are 5000-7800 mm for composite and 8000-10000 mm for ceramic [64]. 

Using these values and those in Table 2.14, allows calculating typical values of resistance and 

leakage current at nominal voltage for 275 kV insulators in Table 2.15. 

Table 2.15. Typical Resistance and Leakage Current at Nominal Voltage of 275kV insulators [52].  

 EPDM Silicone Porcelain 

Resistance (MΩ) 400 - 1638 >26500 25 - 100 

Leakage current (mA) 0.1 - 0.6 <0.008 2 - 9 
 

4.2.3 Formula and typical values of discharge time constant 

The time constant associated with the discharge of cable and surrounding insulators is calculated 

as 

 cable ext
cable

cable ext

R R
C

R R


 
  

 
  (4.13) 

where cableR  and cableC  are given in (3.3) and (3.4) and extR  is the leakage resistance of external 

components calculated as 

 
 

1

1

1P

ext
insulatori i

R
R





 
  
 
 
   (4.14) 
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where  insulator i
R  is the leakage resistance of the i-th insulator and is defined in (4.12) and P  is 

the number of insulator components connected to the cable.  

Using the formula for cable discharge voltage in (3.6) with max 2 3nV V  the time required to 

discharge the cable voltage to a safe level (25 V according to IEC 60479-1) is 10  for 275 kV 

cables.  

Table 2.16 shows time constants   and time required to discharge the cable to the safe voltage 

level for different combinations of cables and insulators. These values are based on the typical 

values of cable insulation and insulator properties shown in Table 2.13 and Table 2.15, 

respectively. It is worth noting that the most severe cases, i.e. the longest discharge times (lowest 

leakage currents), are found when the insulators and cable insulation are at their best condition. 

This is observed in Table 2.16 for paper insulated cables with silicone insulators. 

Table 2.16. Typical discharge time constants for 275 kV 20 km cable with cable sealing end [52]. 

a) Discharge time constants. 

 
Insulator 

EPDM Silicone Porcelain 

Cable 

Insulation 

EPR 3.4 – 3.6 min 3.7 min 1.6 – 2.8 min 

XLPE 17 - 27 min 33 min 2.0 – 6.7 min 

Paper 54 - 170 min 8 - 9 h 3.7 - 14.6 min 

b) Time to discharge the cable to safe voltage level. 

 
Insulator 

EPDM Silicone Porcelain 

Cable 

Insulation 

EPR 34 - 36 min 37 min 16 - 28 min 

XLPE 2.8 – 4.5 h 5.5 h 20 min - 1 h 

Paper 9 - 28 h 3.3 - 3.75 days 0.6 - 2.4 h 

4.2.4 Correction factor for humidity 

The field test results provided by National Grid represent a very important contribution to the study 

of HVAC cables. Not only they show the evolution of voltage during the discharge of a 275 kV 

POF cable, a result rarely found in the literature, but they also show the effect of relative humidity, 

temperature and atmospheric pressure during those measurements, carried out during 10 hours. 

These results, presented in section 3.5, allow the definition of a correction factor to apply to the 
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leakage resistance of external insulators to account for a modification in the relative humidity of 

air. From Figure 2.89 it is observed that the relative humidity increased from 80% to 100%. At the 

same time, the leakage resistance of external insulators, excluding leakage of cable insulation, 

measured from the test results, was reduced from 1359.3 MΩ to 430.6 MΩ (see Section 5.3). Let’s 

define 1h  and 
1h

extR  the initial values of relative humidity and insulator resistance, and 2h  and 

2hextR  the values after a change in the relative humidity. In the case of the field test by National 

Grid, 1 80%h  , 
1

1359.3MΩ
hextR  , 2 100%h  , and 

2
430.6MΩ

hextR  . The correction factor to 

apply to insulator resistance to account for a modification in the relative humidity is [52] 

 
2 1

1

22.5h hext ext

h
R R

h
   (4.15) 

4.3 Conclusion 

This chapter presented how to calculate the cable PUL parameters based on field test results.  

The PUL resistance, inductance and capacitance are rarely calculated from surge tests but they 

provide a valuable extra backup information that is useful to identify the source of deviations 

between field tests and simulations. The calculation method was applied to a surge field test by 

RTE. Coaxial and inter-sheath mode parameters agree well. More deviation was found for the 

earth-return mode parameters because of the influence of the grounding resistance and the strong 

frequency dependency of the earth-return mode. 

The calculation of the PUL conductance, i.e. the leakage resistance of cable insulation, requires a 

cable discharge test. The time to discharge a cable is determined by the cable capacitance, which 

is easily calculated from cable data or found on datasheets, by the leakage resistance of the cable 

insulation and by the leakage resistance of the insulators connected to the cable. The calculation of 

these values was demonstrated for two field tests presented in sections 3.3 and 3.5. Typical ranges 

of properties for cable insulation, cable capacitance and insulator equipment allowed the estimation 

of the typical discharge times required to lower the cable voltage to safe limits once the cable is 

out of service. This can go from a few minutes in case of a leaky system to several days if very 

little leakage is observed. A correction to the leakage resistance of insulators that accounts for 

changes in the air humidity was defined based on the field test result of section 3.5.  
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CHAPTER 5 SIMULATION OF FIELD TESTS  

This chapter presents simulations carried out in EMTP-RV [65] of the three field tests presented in 

sections 3.1, 3.3 and 3.5: the surge test carried out by RTE-France on the 225 kV XLPE cable; the 

discharge test carried out in Japan on a 275 kV POF cable; and the discharge test carried out by 

National Grid, UK on a 275 kV OF cable. Simulation of the energising test carried out by RTE on 

the full cable will be shown in CHAPTER 6 to compare different models for cross-bonded cables. 

Simulation of the surge test by RTE-France uses a frequency dependent cable model [12],[66],[67] 

with necessary corrections to account for wired conductors and semiconducting screens. 

Simulation and field test are compared in the terms of transient waveforms, wave attenuation, 

velocity and characteristic impedance. These are the usual parameters analyzed when validating a 

cable model for transient studies. A validation based on the PUL parameters calculated from field 

tests and EMTP was already demonstrated in section 4.1.4.  

Simulation of the discharge tests in Japan and in the UK use simpler lumped RC models using the 

values of cable capacitance calculated from cable data and leakage resistances of cable insulation 

and insulators calculated from field tests in section 4.2. Comparison of voltage curves for 

simulation and field test validates the values estimated in section 4.2. 

Equation Chapter (Next) Section 1 

5.1 Surge test on the RTE 225 kV cross-bonded cable 

5.1.1 Data input for cable data calculation function 

The RTE 225 kV cable is modeled using a wideband phase-domain model [12],[66],[67]. The 

dimensions and electromagnetic properties of the cable are shown in Table 2.8. Semiconducting 

screens, stranded core conductors and the HDPE tubes enclosing each phase are features which 

cannot be directly handled by the cable model calculation function (CMDCF) in EMT-type 

software (e.g. EMTP-RV) and require corrections, as explained next.  
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5.1.1.1 Core and metallic sheath conductors 

The metallic sheath of the Boutre-Trans cable is modeled as a hollow cylindrical conductor with 

resistivity of 82.84 10 Ωm . The impact of eddy currents due to proximity between sheaths is 

neglected due to the wide separation between the cable phases.  

The core conductor uses stranded enameled copper. The CMDCF can only model solid or hollow 

cylindrical conductors [61],[62],[63], which requires modifying the resistivity to account for the 

gaps between the copper wires which reduce the effective section of the core conductor. The core 

modified resistivity   is calculated from the resistivity of copper 81.76 10 Ωm   , the core 

nominal area 2
2n nA r , the actual area of the copper strands 2

2A r  and  , 2nr  and 2r  found in 

Table 2.8 as in (A.60) (Appendix) resulting into 82.6 10 Ωm     and 82.83 10 Ωm     for 

the 2000 mm2 and 2500 mm2 core cables, respectively. 

5.1.1.2 Core insulation and semiconducting screens 

Even though cable semiconducting layers have an important impact in the propagation of coaxial 

waves [68],[69], CMDCF’s generally do not offer an automatic way of including them in parameter 

calculations [61],[62],[63]. The impact of the semiconducting layers affects mostly the shunt 

admittance [68],[69] and they can be accurately accounted for by modifying the permittivity of the 

insulation to account for the new thickness as in (A.61), using 1r , 2r , 3r  and Δ from Table 2.8. 

The modified values of 1r   become 3.23 and 3.22 for the 2000 mm2 and 2500 mm2, respectively 

[20]. 

5.1.1.3 Outer insulation and HDPE tube 

Due to the presence of the HDPE tubes, the outer insulation of the sheath is composed of three 

layers, i.e. the cable outer insulation, the air gap, and the HDPE tube, which are not concentric. To 

the best of the author’s knowledge, no analytical formula of impedance or admittance exists for 

such a system.  

The modeling of the RTE cable used an equivalent sheath insulation which is concentric and has 

outer radius 5r  (in Table 2.8). The relative permittivity of the equivalent insulation was calculated 

from the capacitance obtained from field test results of inter-sheath mode capacitance (Table 2.11) 



92 

 

and becomes 2 0.321
eqr   [20]. A permittivity lower than 1 is a result of representing a non-

homogeneous dielectric by an equivalent insulation of smaller dimensions. A cable capacitance 

calculated through FEM agreed with the capacitance obtained via the field tests [83]. A cable 

capacitance calculated using the approximated approach in appendix A.4.3 gives 0.339, which is 

also close to the value calculated from the field test results. 

5.1.1.4 Connection wires and cross-bonding points 

The connection wires used to connect the surge tester to the minor section had 5 m and those to 

connect to the major section had 20 m. The wires are modeled by 5 μH and 20 μH inductances [20] 

(considering 1 μH/m [17]), respectively. 

The major section model represents separately each minor section and the sheath cross-bonding 

wires are modeled through 20 μH inductances [20]. 

5.1.1.5 Earth-resistivity and grounding resistance 

The local soil resistivity measured by RTE is 100 Ωm and the grounding resistance for the 

measuring circuit is 30 Ω [20]. 

The grounding resistance is 30 Ω for the remote areas (both terminals of the minor section and 

receiving end of the major section) and 5 Ω for the substation [20]. 

5.1.2 Simulation of field tests on a minor section 

5.1.2.1 Comparison of propagation constants 

The field tests on the minor section are simulated separately for coaxial, inter-sheath and earth-

return modes. A comparison between the field tests and simulation results is given in Table 5.1, 

with initV  and initI  referring respectively to the initial voltage and current peaks at the cable sending 

end. The ratio /init initV I  allows calculating cZ . The propagation speeds are found from waveform 

oscillating periods in EMTP and field tests. 
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Table 5.1 Field test and simulation results on the RTE 225 kV cable, minor section [20].5 

Mode Source  VinitV   AinitI   m μsv   cZ   

Coaxial 
Field 1752 68.70 157.7 25.5 

EMTP 1769 76.57 159.4 23.1 

Inter-

sheath 

Field 1221 49.01 114 24.9 

EMTP 1067 46.44 111.9 23.0 

Earth-

return 

Field 1767 27.04 63.1 65.3 

EMTP 1868 27.30 35.4 68.4 

 

The values in Table 5.1 can be further validated by comparison with typical range of propagation 

velocity and surge impedance of coaxial and earth-return modes collected from field tests carried 

out in Japan on more than twenty cable systems [17],[18],[24]. For the coaxial mode, the velocity 

is within 137-160 m/μs and the surge impedance is 13-30 Ω, independently of the type of cable. 

This is reasonable because the characteristics of the coaxial mode are determined by the radii of 

core and sheath conductors and the relative permittivity of the core insulation. On the contrary, the 

earth-return mode shows a wide range of values for velocity and surge impedance. The tunnel-

installed cable can be compared to an overhead line, and the characteristics of the pipe-type cable 

are quite dependent on the size of the pipe and the permittivity of the insulation inside the pipe 

[18]. The velocity can be as high as 150-170 m/μs for tunnel installed cables or as low as 30-

70 m/μs in the case of pipe-type and directly buried cables. The surge impedance can be as low as 

5 Ω for direct burial and pipe-type, or as high as 100 Ω in the case of tunnel-installed cable. 

The measured results in Table 5.1 show a satisfactory agreement with those referred above, and 

thus it can be concluded that the measured results on the RTE 225 kV cable are within a valid 

range.  

5.1.2.2 Coaxial mode 

The setup for this test is given in Figure 5.1. The IG current and the receiving end voltage are 

compared in Figure 5.2 and Figure 5.3. The initial voltage peak at the sending end (not shown) is 

1769 V in EMTP. The values at the receiving end are 3485 V in EMTP and 3480 V in field test, 

that is, nearly the double of the sending end voltage. This is expected given that the receiving end 

is open-circuited and the coaxial mode attenuation is in general low. The maximum peak current 
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is 76.57 A in EMTP and 68.7 A in the field test. The characteristic impedances calculated in Table 

5.1 are in agreement with the formula [18],[24]  

    
1 3 260 lnc rZ r r   (5.1) 

which results into 22.9 Ω. The periods of oscillations are 27.1 μs for EMTP and 27.4 μs for field 

test and allow calculating the propagation speeds in Table 5.1.  
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Figure 5.1 Field test setup for coaxial mode excitation in a minor section of the RTE 225 kV cable 

[20]. 

 

 

Figure 5.2 Field test and simulation results of coaxial mode current [20]. 11  
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Figure 5.3 Field test and simulation results of receiving end voltage for coaxial mode excitation in 

minor section [20]. 11  

 

5.1.2.3 Inter-sheath mode 

The setup for this test is given in Figure 5.4. The IG current and the receiving end voltage are 

shown in Figure 5.5 and Figure 5.6. 

The periods of oscillations are estimated from Figure 5.5 as 38.6 μs in EMTP and 38.0 μs in field 

test, which result into the velocities given in Table 5.1. The agreement between field test and 

simulation results is sufficiently good, but there is a small difference in propagation velocities that 

becomes more evident after the second cycle, particularly for the case of the receiving end voltage. 

Though not shown, the voltage peak measured at the sending end of the metallic sheath, that is, 

after the lead wire, is 1067 V in EMTP and 1221 V in the field test (see Table 5.1). The voltage 

difference between sheath-8 and sheath-4 is 1221+551.6=1772.6 V. 
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Figure 5.4 Field test setup for inter-sheath excitation in a minor section [20]. 
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Figure 5.5 Field test and simulation results of sheath current for inter-sheath mode excitation in a 

minor section [20]. 11  

 

Figure 5.6 Field test and simulation results of receiving end sheath voltage for inter-sheath mode 

excitation in a minor section [20]. 11  

5.1.2.4 Earth-return mode 

The setup for this test is given in Figure 5.7. The IG current is shown in Figure 5.8. The earth-

return mode shows an over-damped regime, with no oscillations from which we can calculate the 

propagation velocity and this had to be estimated approximately from 1 63.1 m μsL C    in field 

test (see Table 2.11). The agreement between field test and simulation results is good for the current 

peak but they deviate in the following instants with the simulated current lagging the measured 

curve. 
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Figure 5.7 Field test setup for earth-return mode excitation in a minor section [20]. 

 

Figure 5.8 Field test and simulation results of sending end current for earth-return mode excitation 

in a minor section [20]. 11  

5.1.3 Simulation of field tests on a major section 

A summary on the comparison between field tests and simulations is presented in Table 5.2.  

Table 5.2. Field test and simulation results on the RTE 225 kV cable, major section [20].5 

Mode Source  VinitV   AinitI   m μsv   cZ   

Coaxial 
Field 1697 75.36 158 22.97 

EMTP 1615 75.97 142 21.3 

Inter-

sheath 

Field 1817 46 132 39.5 

EMTP 1622.6 46.29 151 35.0 

Earth-

return 

Field 1892 69.5 35.1 27.22 

EMTP 1659 55.97 35.3 29.64 
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5.1.3.1 Coaxial mode 

The setup for this test is given in Figure 5.9. The IG current and the sending end core voltage are 

shown in Figure 5.10 and Figure 5.11. The voltage results agree well. The current results agree 

well too in the first peak but they deviate in the following peaks with the measured result lagging 

the simulated curve.  
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Figure 5.9 Field test setup for coaxial mode excitation in a major section [20]. 

 

Figure 5.10 Field test and simulation results of core voltage for coaxial mode excitation on a major 

section [20].12  

                                                 

12 Circuits: CableSimulation_Files\FieldTestSimulation_RTECable\EMTPCirc_MajorSection\Major_Section.ecf  

Plotting: CableSimulation_Files\FieldTestSimulation_RTECable\Plotting\Plotting_MajorSection.m 
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Figure 5.11 Field test and simulation results of IG current for coaxial mode excitation on a major 

section [20].12  

5.1.3.2 Inter-sheath mode 

The setup for this test is given in Figure 5.12. The sending end core and sheath voltages and the IG 

current are given in Figure 5.13 and Figure 5.14. It is observed that the core voltages are oscillatory 

whereas the sheath voltages follow early the voltage of the surge tester. The peak voltage between 

the two sheaths is obtained from the difference of voltages as 788.9+833.7 = 1622.6 V (1817 V in 

the field test). The characteristic impedance and velocity found in Table 5.2 are very different from 

those of the inter-sheath mode on a minor section given in Table 5.1. This is because the 

propagation modes on a normal-bonded and on a cross-bonded cable are not the same 

[15],[53],[70]. The agreement between field test and simulation is good, but the measured results 

lag the simulated curves. Also the simulated sheath voltage is more irregular than the measured 

result and the simulated IG current is less damped than the measured current. 
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Figure 5.12 Field test setup for inter-sheath excitation in a major section [20]. 
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Figure 5.13 Field test and simulation results of phase-4 core voltage for inter-sheath excitation 

between phases 0 and 4 in a major section [20]. 12  

 

Figure 5.14 Field test and simulation results of phase-4 sheath voltage for inter-sheath excitation 

between phases 0 and 4 in a major section [20]. 12  
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Figure 5.15 Field test and simulation results of IG current for inter-sheath excitation between 

phases 0 and 4 in a major section [20]. 12  

5.1.3.3 Earth-return mode (sheaths grounded) 

The setup for this test is given in Figure 5.16. The IG current and the sending end core voltage are 

given in Figure 5.17 and Figure 5.18. The voltage curves agree in general but the simulated voltage 

peak is lower than the measured value. As a consequence, the simulated current peak is lower than 

the measured value too. 
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Figure 5.16 Field test setup for earth-return mode excitation in a major section [20]. 

100 200 300 400 500 600 700 800

0

20

40

60

Time (us)

S
u

rg
e 

te
st

er
 c

u
rr

en
t 

(A
)

 

 
Field test

WB Model



102 

 

 

Figure 5.17 Field test and simulation results of sheath voltage for earth-return mode excitation in 

a major section with sheaths short-circuited [20]. 12  

 

Figure 5.18 Field test and simulation results of IG current for earth-return mode excitation in a 

major section with sheaths short-circuited [20]. 12  

5.2 275 kV pipe-type pressurized-oil-filled cable in Japan 

The paper in which the field test of Figure 2.83 was first published [21] gives estimated values of 

leakage resistance which result in a discharge time nearly half (49 min) of that observed in the field 

test (88 min). This means that the leakage in the system was not as severe as estimated and the 

components presented a resistance higher than expected. 

Cable leakage resistance is calculated using half of the resistivity for paper insulation in Table 2.12, 

i.e. 12500 10 -m    , together with 3n  , 320 10 ml   , 26.65mminr  and 40.65mmoutr   

in Table 2.10 into (4.10) and (3.3) resulting into 560.0MΩcableR  . 
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The lower value of resistivity is based on typical insulation properties in PT-POF cables of 1970’s, 

which have been improved since then [71].  

The leakage resistance of external components is calculated using the surface resistance of EPDM 

3210 10 Ω mm    in Table 2.14 and a leakage distance of 5000mmleakd   into (4.12) and 

(4.14) resulting 1050MΩext insulatorR R  . 

The total leakage resistance is calculated as || 365.2MΩtotal cable extR R R  . The time constant of 

the system is obtained using this value and the cable capacitance 29.3μFcableC   into (3.8) 

resulting 178.3min  . 

The time required to discharge the cable from  1 414kVv t   to  2 250kVv t   is calculated using 

178.3min  into (3.8) as 2 1 89.9mint t  . This value is only 5% above the one observed in the 

field tests (88 min). 

The values of leakage resistance for cable insulation and external circuit calculated above, were 

used to simulate the field test in Figure 2.83. The circuit used to simulate the cable system is shown 

in Figure 5.19. The 20 km cable is modeled using a parallel RC circuit using the parameters of 

cable insulation for 3 phases in parallel, that is, 29.3μFcableC   and 560.0McableR   . The 

leakage of external circuit is 1050 MΩext1 ext2R R  . Other circuit parameters (defined in section 

3.3) are 

0 414kVV  , voltage of DC generator, 

0 138MR   , charging resistance, 

30 MΩWR  , resistor used for full discharge. 

The switch 0S  is closed from 0t   to 60t   min and WS  closes at 148t   min ( 0S  being open).  

The simulation result in Figure 5.20, agrees with the field test result of Figure 2.83, which validates 

the modeling approach.  
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Figure 5.19 Circuit for simulation of field test in Figure 2.82 [52]. 

 

Figure 5.20 Simulation of charging/discharging voltage [52].13  

5.3 National Grid, UK 275 kV oil-filled cable 

From the test result in Figure 2.87 and from the value of cable capacitance, the total leakage 

resistance of the system has been estimated as 840.2 MΩ for low humidity and 360.1 MΩ for 

increased humidity. Cable leakage resistance is calculated using (4.10) and (3.3) with the resistivity 

for paper insulation 121000 10 Ω m   in Table 2.12, 321 10 ml   , 29.75mminr   and 

40mmoutr   in Table 2.10, resulting into 2.2GΩcableR  . 

                                                 

13 Circuits: CableSimulation_Files\CableDischarge\EMTP_Circuits.ecf  

Plotting: CableSimulation_Files\CableDischarge\Plot_FieldTests.m 
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The leakage resistance for 3 insulators in parallel (2 insulator poles and cable sealing end) is 

calculated using 3p  , the surface resistance of silicone 35300 10 mm    in Table 2.14 and 

a leakage distance of 5334mmleakd   (supplied by National Grid) into (4.12) and (4.14) resulting 

into 9.4GΩextR  . With previously found 2.2GΩcableR  , the total leakage resistance is 

calculated as || 1811.4MΩtotal cable extR R R  . This value is about 2 times the value observed in 

the field tests (840.2 MΩ). However, it must be observed that the calculated insulator resistance 

considers uncontaminated material. With a total leakage resistance of 840.2MΩtotalR   calculated 

from the field test in Section 0, the leakage resistance of external components can be re-evaluated 

from 

 
2200

840.2 MΩ, 1359.3MΩ
2200

ext
ext

ext

R
R

R


 


  

Using 360.1MΩtotalR   instead of 840.2 MΩ, results into 430.6MΩextR   when humidity rises 

to 100%. 

The field test in Figure 2.87 was simulated using the circuit in Figure 5.21. The cable is modeled 

with a parallel RC circuit using the parameters of its insulation, that is 2.2GΩcableR   and 

15.0 μFcableC  . The leakage in the external circuit (2 insulator poles and cable bushing) is 

modeled with a time varying resistance to account for the rise in ambient humidity during the field 

test. The values for this leakage resistance are given in Table 5.3. The charging resistance is 

0 100 MΩR   (calculated from the rise time of voltage in Figure 2.87). Figure 5.22 shows the 

simulated discharge voltage of the cable and the agreement with the field test result in Figure 2.87 

is evident. 

Table 5.3. Data for the Resistance R(t) in the circuit of Figure 5.21 [52]. 

Time 0h 0h30 3h15 10h00 

Resistance (MΩ) 1359.3 1359.3 430.6 430.6 
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Figure 5.21 Circuit for simulation of discharging of a 275kV POF-cable in the UK [52]. 

 

Figure 5.22 Simulation of discharge of a POF-cable in the UK [52].13  

5.4 Conclusion 

This chapter presented the simulation of three field tests performed on underground cables. The 

first case was a surge test carried out on a 225 kV XLPE underground cable of 64 km. The 

measurements were carried out on a minor and a cross-bonded major sections of the cable. A 

wideband cable model was used in the EMTP simulations and the results are in sufficiently good 

agreement with the field test. The most important differences are observed for the excitation of the 

earth-return mode, which is highly dependent on frequency, humidity and temperature, and for 

which the actual test setup conditions are more difficult to identify. The second and third field tests 

simulated are cable discharge tests carried out on a 275 kV PT-POF cable in Japan and on a 275 kV 

POF cable in the UK. The cables were modeled by simple parallel RC circuits based on the cable 

capacitance and the leakage resistances of the cable insulation and external insulator equipment. 

Good agreement was achieved between simulated and field test measured values. 
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CHAPTER 6 CROSS-BONDED CABLES 

This chapter is dedicated to investigating cross-bonded cables used for HVAC power transmission.  

At a first stage, different cable bonding methods are analyzed and compared in terms of propagation 

characteristics (attenuation and velocity), frequency domain and time domain responses. A clear 

knowledge of the propagation characteristics is extremely relevant for fault detection [45]-[47] and 

harmonics studies [44] involving cross-bonded cables as they require knowledge of modal 

propagation velocities. 

The impact of non-uniformities, in particular the grounding and the cross-bonding of the sheaths 

is investigated in detail in this chapter. Grounding of cable sheaths is somehow analogous to the 

grounding of the shield wires in overhead lines. Even though there are several articles studying the 

impact of shield wire grounding in OHL’s [72]-[76], there is no similar literature studying the 

impact of sheath grounding on the propagation characteristics of cables. The few references in the 

literature referring the impact of sheath grounding, consider time domain responses only [14],[77]. 

The mechanism through which the cross-bonding and the sheath currents affect the cable response 

is also clarified. 

Different modeling of a long cross-bonded cable, including both homogeneous and non-

homogeneous equivalents, are compared based on frequency and time domain responses. The 

models are also compared for the simulation of the field test on a 225 kV cross-bonded cable with 

64 km and 17 major sections presented in section 3.2.  

A general method for evaluating propagation constants (attenuation and velocity) of non-

homogeneous transmission systems, including cross-bonded cables, without requiring any prior 

knowledge of the system is explained. The method uses the frequency scan of the open-circuit 

response of the system. 

Finally, fault location on cross-bonded systems is discussed and a single-terminal method based on 

the frequency response of the system is demonstrated. Equation Chapter (Next) Section 1 

6.1 Comparison between different bonding methods 

The most common cable bonding methods for high voltage cables are illustrated in Figure 6.1. 

Normal-bonding or no bonding at all is used for short cables and for submarine links. Cross-
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bonding by transposition of sheaths is used for example in France, Denmark, and Japan. Sheath 

cross-bonding with transposition of cores also called Kirke-Searing bonding is used in the U.K. 

and Japan. Other bonding schemes shown in Figure 6.1 are same-sense and counter-sense 

transposition of cores and sheaths. Although these are less common bonding schemes, they are 

considered in this chapter for completeness of the analysis. 
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a) normal-bonding of cores and sheaths. b) cross-bonding of sheaths. 
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c) transposition of cores, normal-bonding of sheaths. d) same-sense cross-bonding of cores and sheaths. 
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e) counter-sense cross-bonding of cores and sheaths.  

Figure 6.1 Power cable bonding schemes. 

6.1.1 Propagation characteristics of different bonding schemes 

The cable in Figure 6.2 is used as an example to illustrate the differences in propagation 

characteristics for the different bonding schemes shown in Figure 6.1.  
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0.150 m

1.25 m

1.12 m

Phase-b

Phase-a Phase-c

 

Figure 6.2 Layout of the cable [51]. 

Table 6.1 Data of a three-phase underground cable [51]. 

Parameter Value 

Core conductor 1 0r  , 2 28.4 mmr  , 82.6 10 Ωm    

Core insulation 1 3.23r  , tan 0.0008   

Metallic sheath 3 56.4 mmr  , 4 57.2 mmr  , 82.84 10 Ωm    

Outer insulation 5 62.2 mmr  , 2 0.321r  , tan 0.001   

 

The nature of propagation modes for the different bonding methods can be observed from the 

current transformation matrices calculated at a high frequency (1 MHz) 

  

0.57 0.707 0.41 0 0 0 core-a

0.59 0 0.81 0 0 0 core-b

0.57 0.707 0.41 0 0 0 core-c

0.57 0.707 0.41 0.81 1 0.59 sheath-a

0.59 0 0.81 0.83 0 1.15 sheath-b

0.57 0.707 0.41 0.81 1 0.59 sheath-c

T
N

  
 
 

 
  

 
 
  
 
    

iT   (6.1) 

  

0.58 0.71 0.41 0 0 0

0.58 0 0.82 0 0 0

0.58 0.71 0.41 0 0 0

0.58 0 0 0.82 0.72 0.25

0.58 0 0 0.82 0.03 0.83

0.58 0 0 0.82 0.75 0.58

T
X

 
 
 

  
  

 
 
 
 
   

iT   (6.2) 
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 

0.58 0.07 0.82 0 0 0

0.58 0.68 0.41 0 0 0

0.58 0.74 0.41 0 0 0

0.58 0 0 0.81 0.71 0.41

0.58 0 0 0.83 0 0.81

0.58 0 0 0.81 0.71 0.41

T
K

 
  
 

 
  

   
 
 
  

iT
  (6.3) 

  

0.58 0 0.82 0 0 0

0.58 0.77 0.14 0 0 0

0.58 0.77 0.68 0 0 0

0.58 0 0.82 0.82 1.19 0.31

0.58 0.77 0.14 0.82 0.74 0.84

0.58 0.77 0.68 0.82 0.45 1.15

T
SX

 
 
 

  
  

  
 
    
 
  

iT   (6.4) 

  

0.58 0 0.78 0 0 0.12

0.58 1.26 0.73 0 0.11 0.07

0.58 1.26 1.51 0 0.11 0.05

0.58 0.54 0.65 0.82 0.74 0.34

0.58 0.54 0.32 0.82 0.74 0.50

0.58 0 0.32 0.82 0 0.84

T
CX

 
 
 

  
  

  
 
    
 
 

iT   (6.5) 

Superscripts used in (6.1) to (6.5) are N for normal-bonded, X for cross-bonded, K for Kirke-

Searing, SX for same-sense cross-bonding and CX for counter-sense cross-bonding. Each matrix 

column represents an eigenvector and a propagation mode. The first three columns correspond to 

core modes and the remaining are sheath modes. Both cores and sheaths have a zero-sequence 

mode, a two-phase mode and a three-phase mode.  

The eigenvectors for zero-sequence core and sheath modes are equal for all bonding schemes. On 

the contrary, inter-phase core and sheath mode eigenvectors are in general different. 

One important difference between bonding schemes is observed for the inter-phase core modes. 

For normal-bonding in (6.1), the two inter-core modes are in fact combinations of single-phase 

coaxial modes. The same is not observed in (6.2) and (6.3). It is thus concluded that single-phase 

coaxial modes cannot propagate in cables with cross-bonded of Kirke-Searing bonding method. 

This is explained by the fact that in these systems, one core is not shield by the same sheath 
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throughout the length of a major section. Thus, when applying a voltage between the core and 

sheath of one phase at the sending end a signal will propagate to all the three phases.  

Table 6.2 and Table 6.3 shows modal attenuations and velocities calculated at 50 Hz and 1 MHz, 

respectively, for the cable in Figure 6.2 using the bonding schemes in Figure 6.1. Numbers 1 to 6 

are used for the modes and they correspond to the same columns in the matrices of Table 6.2 and 

Table 6.3. The same numbering is used in Figure 6.3 and Figure 6.4 which show the evolution with 

frequency of modal attenuations and velocities. 

It is clear from Table 6.3 that normal-bonded and same-sense cross-bonded systems have three 

coaxial modes characterized by the same attenuation and same propagation velocity given by 

300 3.23 167m μsrc     ( 300m μsc   is the light velocity and 3.23r   is the relative 

permittivity of the cable insulation). These two systems have in common that the sheaths do not 

change their phase throughout the cable route.  

On the contrary, the systems in which the sheaths change phase (cross-bonded, Kirke-Searing and 

counter-sense cross-bonded) have two inter-core modes which characteristics are very different 

from those of a coaxial mode. In this case, they have higher attenuation and lower velocity. 

The zero-sequence core and sheath modes are the same for every bonding scheme. Also, as 

expected, the systems with sheath transposition have two equal inter-sheath modes and the systems 

with core transposition have two equal inter-core modes. 

From the frequency profile of attenuation and velocity in Figure 6.3 and Figure 6.4 it can be 

observed that the core modes in normal-bonded and same-sense cross-bonded systems change 

nature as frequency increases. They start as inter-core modes and become coaxial modes after a 

certain frequency. The frequency at which this occurs is the same as the frequency for which the 

inter-sheath mode velocities become nearly constant and correspond to the penetration depth on 

the sheath becoming smaller than the sheath thickness.  

The above observations are also valid for the propagation characteristics at 50 Hz, shown in Table 

6.2. Although the different bonding schemes still present different characteristics even at power 

frequency, it could be said that the same-sense cross-bonded system presents a similar response to 

core modes as the normal-bonded system and the counter-sense cross-bonded system has a similar 

response as the Kirke-Searing system. Therefore, a same-sense cross-bonded system could be 
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modeled as a normal-bonded cable and a counter-sense cross-bonded system could be modeled as 

a Kirke-Searing system without much loss of accuracy. 

Table 6.2 Attenuation and velocity of propagation modes for different bonding schemes, 50 Hz. 

Bonding Attenuation α [dB/km] Velocity v [m/μs] 

1 2 3 4 5 6 1 2 3 4 5 6 

N 17.2 1.64 1.77 12.1 31.3 32.3 103 124 135 18.9 69.0 70.9 

X 17.2 1.96 1.96 12.1 29.1 29.1 103 102 110 18.9 64.7 64.7 

K 17.2 1.88 1.88 12.1 28.2 30.0 103 106 106 18.9 62.7 66.8 

SX 17.2 1.68 1.68 12.1 31.8 31.8 103 129 129 18.9 69.9 69.9 

CX 17.2 1.95 1.95 12.1 29.1 29.1 103 106 106 18.9 64.7 64.7 

N – normal-bonding; X – cross-bonding; K – Kirke-Searing; SX – same-sense cross-bonding; CX 

– counter-sense cross-bonding. 

 

Table 6.3 Attenuation and velocity of propagation modes for different bonding schemes, 1 MHz. 

Bonding Attenuation α [dB/km] Velocity v [m/μs] 

1 2 3 4 5 6 1 2 3 4 5 6 

N 0.65 0.65 0.65 222 0.89 0.78 167 167 167 28.7 101 120 

X 0.65 0.88 0.83 222 0.95 0.95 167 108 119 28.7 89.1 89.1 

K 0.65 0.83 0.83 222 1.07 0.95 167 113 113 28.7 98.0 82.2 

SX 0.65 0.65 0.65 222 0.79 0.79 167 167 167 28.7 109 109 

CX 0.65 0.79 0.79 222 0.98 0.98 167 115 115 28.7 88.0 88.0 

 

 

  
a) normal-bonding of cores and sheaths. b) cross-bonding of sheaths. 
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c) transposition of cores, normal-bonding of sheaths. d) same-sense cross-bonding of cores and sheaths. 

 

 

e) counter-sense cross-bonding of cores and sheaths.  

Figure 6.3 Mode attenuation for different bonding schemes.  

  
a) normal-bonding of cores and sheaths. b) cross-bonding of sheaths. 

  

c) transposition of cores, normal-bonding of sheaths. d) same-sense cross-bonding of cores and sheaths. 
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e) counter-sense cross-bonding of cores and sheaths.  

Figure 6.4 Mode velocity for different bonding schemes.  

6.1.2 Frequency-domain responses 

As observed in the previous section, all bonding methods lead to the same zero-sequence modes, 

both for cores and sheaths. Therefore, the analysis in this section is focused only on inter-core 

modes to which the bonding methods show a different response. 

The circuit in Figure 6.5 is simulated to compare the responses of the cable in Figure 6.2 and Table 

6.1 under positive-sequence energising. The responses of 1, 3, 6 and 18 major sections are 

observed. The simulation is repeated for each of the bonding methods in Figure 6.1. Each major 

section has a 3 km and is divided into 3 equal minor sections. The sheaths are bonded and grounded 

at each major section through a resistance 5gR   . The cables are energised with a current source 

and their input impedance is calculated from the ratio between the voltage and current of the current 

source of phase-a, as already explained in chapter 2, section 2.5. 

a

b

c

gR

N major 

sections

gR

01 120

1 0

01 120

 

Figure 6.5 Circuit for positive-sequence energising of N major sections. The dashed line represents 

the short-circuit termination of cores.  
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Figure 6.6 through Figure 6.10 show the input impedances for 1 major section to a positive-

sequence energising. The responses of the normal-bonded cable and the same-sense cross-bonded 

cable are the same (as already verified in Table 6.2 and Table 6.3) and they have resonance dips 

occurring at equally spaced frequencies. On the contrary, the responses of cross-bonded, Kirke-

Searing and counter-sense cross-bonded systems are irregular because the frequencies of 

impedance dips are not related and the amplitudes of these dips do not necessarily increase with 

frequency.  

These irregular responses are caused by the sheaths changing phase within each major section and 

by the different excitation of each phase. The positive-sequence excitation applied to the first minor 

section gives rise to inter-sheath mode currents which in turn also impact the core voltages in all 

the phases. The irregular responses of cross-bonded, Kirke-Searing and counter-sense cross-

bonded cables are thus caused by the superposition of modes with different propagation constants.  

Due to bonding and grounding of sheaths, inter-sheath modes cannot propagate between major 

sections and their impact is limited to a single major section. The first resonance associated to inter-

sheath modes in a cross-bonded cable is calculated from the velocity in Table 6.3 and the length of 

1 major section as 6
0 4 89.1 10 12000 7425Hzf v l    . The impact of inter-sheath modes is 

thus more noticeable above this frequency [51]. This can be observed in Figure 6.11, showing the 

positive-sequence excitation of 18 major sections with cross-bonded sheaths: the impedance 

regular up to the 4th impedance minimum at about 3.6 kHz.  

 
 

a) Impedance magnitude. b) Impedance angle. 

Figure 6.6 Open-circuit input impedance for positive-sequence excitation in 1 major section with 

normal-bonded sheaths.14 

                                                 

14 CableSimulation_Files\FreqTimeResponses_Crossbonded\FreqDomain_DiffBonding.ecf 
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a) Impedance magnitude. b) Impedance angle. 

Figure 6.7 Open-circuit input impedance for positive-sequence excitation in 1 major section with 

cross-bonded sheaths.14 

 
 

a) Impedance magnitude. b) Impedance angle. 

Figure 6.8 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

the Kirke-Searing bonding method.14 

 
 

a) Impedance magnitude. b) Impedance angle. 

Figure 6.9 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

same-sense cross-bonding method. 14 
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a) Impedance magnitude. b) Impedance angle. 

Figure 6.10 Open-circuit input impedance for positive-sequence excitation in 1 major section using 

counter-sense cross-bonding. 14 

 

 

Figure 6.11 Input impedance for positive-sequence excitation of 18 major sections (54 km) with 

cross-bonded sheaths [51]. 14 

Table 6.4 presents the first resonant frequencies (impedance dips/minima) in the response of 

normal-bonded and cross-bonded cables for different lengths and for the positive excitation in 

Figure 6.5. The cable responses using other bonding methods are qualitatively very similar (the 

same-sense cross-bonding is similar to the case of normal-bonding, and the Kirke-Searing and 

counter-sense cross-bonding are similar to the cross-bonding method) and they are not shown.  

In the normal-bonded cable response, resonant frequencies occur at 0f , 03 f , 05 f ,… where 

0 4f c l  is the so-called fundamental frequency calculated from the cable length l  and the inter-

core mode velocity 6167 10 m μsc    (for 1 major section, 0 13.9 kHzf  , 03 41.9 kHzf  , 

05 69.5 kHzf   agree with Table 6.4). The same regularity is not observed for the cross-bonded 

cable in Table 6.4 and the cause is superposition of induced inter-sheath modes to the excited 

positive-sequence [51], as explained in the previous paragraph. 
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Table 6.4 Resonant frequencies in open-circuit [kHz] [51] 

Major 

sections 

Normal-bonded cable Cross-bonded cable 

f0 f1 f2 f0 f1 f2 

1 13.8 41.4 68.9 8.41 17.6 35.4 

3 4.56 13.8 23.0 3.01 8.56 15.3 

6 2.28 6.84 11.4 1.51 4.50 7.38 

18 0.73 2.26 3.79 0.50 1.50 2.54 

 

6.1.3 Time-domain responses 

The cable in Figure 6.2 having 18 major sections and 54 km is simulated in time domain for the 

bonding methods in Figure 6.1. Each major section is divided into 3 equal minor sections. The 

sheaths are bonded and grounded at each major section through 5 Ω resistances. A 225 kV balanced 

network applies a voltage to the cable at t = 0 ms.  

Figure 6.12 shows the voltage of phase-b receiving end. The transient starts at different times for 

the three bonding methods because of different propagation velocities, reported in Table 6.3. It is 

also observed that the cross-bonded and transposed cables present initially small amplitude high 

frequency oscillations due to multiple reflections between the receiving end and the closest cable 

junction.  

To observe the impact of the closing time, the same energising tests were repeated for the case of 

non-deterministic switch closing times. The closing time for each pole follows a Gaussian 

distribution of mean 0.016 seconds and standard deviation of 0.014 seconds. The maximum 

overvoltages observed throughout 50 simulations were 461.2 kV (phase-c) for the normal-bonded 

cable, 474.3 kV (phase-b) for the cross-bonded cable and 540.3 kV (phase-c) for the cable with 

transposed cores. Thus, the transposed cable appears to be the most prone to overvoltage, as already 

observed in Figure 6.12.  
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Figure 6.12 Phase-b receiving end voltage for energization of 18 major sections (54 km) with a 

225 kV balanced infinite power network [51].15 

6.2 Impact of non-uniformities in cross-bonded cables 

Underground cables are often modeled as a continuous homogeneous structures. However, real 

cable systems are in general not uniform due to many factors. Some of the most common causes 

of non-uniformity are cable terminations and joints, non-uniform burial depth, sheath cross-

bonding, core transposition, and sheath grounding.  

The following sections investigate impact of sheath grounding and sheath cross-bonding on the 

response of underground cables. 

6.2.1 Impact of sheath grounding 

6.2.1.1 The analogous case of overhead lines 

Cable sheaths as well as OHL shield wires are normally grounded at several points throughout their 

route. In OHL’s, the shield wires protect the phase conductors from lightning. In underground 

cables, the sheath is designed to shield the phase conductor against external noise/interference and 

to provide a return path for fault currents. 

Even though shield wires and sheaths are not used to transmit power, they have an impact on the 

overall response of the system because of induction from the phase conductors. The impact of 

                                                 

15 CableSimulation_Files\FreqTimeResponses_Crossbonded\TimeDomain_DiffBonding.ecf 
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shield wire grounding on the OHL’s response has been studied in many publications [72]-[76] 

while the impact of sheath grounding has not been so thoroughly studied.  

In OHL’s, the grounding of shield wires represents a non-uniformity of the system which 

introduces abrupt changes in the cable characteristics, i.e. propagation factor and characteristic 

impedance [72]-[76]. This phenomenon, also referred to as standing-wave effect [72],[74], is a 

result of resonance and it occurs for frequencies at which the length between grounding points is a 

multiple of half electromagnetic wavelength [72]-[74]. 

The abrupt changes in the line characteristic functions are in fact the result of a superimposition of 

the “main” propagation mode, i.e. the mode flowing through the whole line length, with another 

propagation mode flowing between two grounding points. The contribution of a mode to the overall 

line response is magnified as the mode becomes resonant [72], i.e. as the length between the 

grounding points approaches a multiple of half mode wavelength. In general, the modes which are 

more affected by the shield wire grounding are those of higher attenuation because they are the 

most influenced by the earth-return path [72].  

Due to practical constraints, the distance between OHL towers (where shield wires are grounded) 

is rarely uniform. This non-uniformity in grounding lengths has the effect of damping out the 

magnitude of the spikes introduced by the shield wire grounding in the OHL propagation functions 

[74]. The reason for this is that in the case of regular grounding the modes propagating between 

each two grounding points become resonant at the same frequency and their influence is summed 

up, whereas in the irregular case these modes are resonant at different frequencies. 

For the case of regular grounding lengths, a non-uniform soil resistivity or non-uniform tower 

footing resistance have no impact on the resonant frequencies [75]. However, for a higher tower 

footing resistance the spikes observed in the propagation functions is not as evident [76] because 

it is as if the grounding became an open-circuit. 

The following example illustrates the above findings of existing publications. Consider an OHL 

described by the data in Table 6.5. The circuits in Figure 6.13 represent a zero-sequence and an 

inter-phase excitations applied to the overhead line which shield wire is grounded at 4 points. The 

length of the OHL is 1.2 km. Both cases of regular grounding lengths, i.e. 1 2 3 400 mg g gL L L  

, and irregular lengths 1 3 2350 m, 500 mg g gL L L    are considered. 
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Figure 6.14 and Figure 6.15 shows the attenuation for the two excitation schemes of Figure 6.13. 

Abrupt changes in attenuation are observed at certain frequencies. The zero-sequence mode (earth-

return mode) is much more affected by the inter-phase mode. However, even a small perturbation 

in the grounding lengths is enough to damp out these irregularities in the attenuation of the OHL.  

Table 6.5 Data for an overhead transmission line with one shield wire. 

Ph. 
Horizontal 

distance [m] 

Vertical 

height [m] 

Other data: 

Phase/ground wire DC resistance 82 10 Ω km  

Phase/shield wire outside diameter 5cm 3cm  

Earth resistivity 100Ω-m  

Total line length 1.2km  

A -10 14 

B 10 14 

C 0 14 

GW 0 25 

+ ++ +

+

1gL
2gL

3gL
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b
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+ ++ +

+
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a) Zero-sequence energising. b) Inter-phase energising. 

Figure 6.13 Circuits for energising an overhead line having a shield wire. 

 

Figure 6.14 Zero-sequence and inter-phase attenuation of an overhead line with one shield wire for 

regular and irregular separation between towers.16  

                                                 

16 Circuit: CableSimulation_Files\NonHomogeneous_LinesCables\EMTP_Files\Circuit.ecf 
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Figure 6.15 Zoomed characteristics of zero-sequence and inter-phase attenuation of an overhead 

line with one shield wire for regular and irregular separation between towers. 16 

6.2.1.2 Normal-bonded cables 

Contrary to OHL’s, underground cables with normal-bonded sheaths are not affected by grounding 

of sheaths as far as the propagation of core modes is concerned. The reason for this is that the first 

critical frequency, i.e. the frequency for which the length between grounding points is exactly half 

wavelength, is high enough so that a pure coaxial mode was already developed in the cable.  

A pure coaxial mode is achieved when the penetration depth of the sheath conductor becomes 

lesser than the sheath thickness. Above the frequency for which the penetration depth is equal to 

the sheath thickness any current flowing into a phase conductor will fully return through the sheath 

of the same phase, and the return path is the inner sheath surface. Any phenomenon affecting the 

outer sheath surface has no impact on this propagation. Sheath grounding, which uses the sheath 

outer surface, has thus no impact on the propagation of the coaxial mode. 

This conclusion is illustrated with the following example. Consider a normal-bonded underground 

cable described by the data in Table 6.6. The circuits in Figure 6.13 can be used to represent a zero-

sequence and an inter-phase source application to the normal-bonded cable if the shield wire is 

replaced by the sheaths. The cable has the same length as the OHL, i.e. 1.2 km. As for the example 

                                                 

Plotting: CableSimulation_Files\NonHomogeneous_LinesCables\EMTP_Files\Plots_from_VOC.m 
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of OHL, both cases of regular grounding lengths, i.e. 1 2 3 400 mg g gL L L   , and irregular 

lengths 1 3 2350 m, 500 mg g gL L L    are considered. 

Figure 6.16 show the attenuation of the cable for the two excitation schemes of Figure 6.13. 

Contrary to the OHL (see Figure 6.15), no abrupt changes are observed in the attenuations of a 

normal-bonded cable.  

Table 6.6 Data of an underground cable. 

Ph. 

Horizontal 

distance 

[m] 

Burial 

depth 

[m] 

Other data: 

Core: 82 10 Ω-m, 0, 24mmc c in c outr r 
      

Sheath: 82 10 Ω-m, 56mm, 57mms s in s outr r 
      

Insulation: 1 2 1 22.5, tan tan 0.0008, 60mmr r extr         

Earth resistivity 100Ω-m , Total length 1.2km  

A -0.25 1 

B 0.25 1 

C 0 1 

 

 

Figure 6.16 Zero-sequence and inter-phase attenuation of a normal-bonded cable with the sheaths 

grounded at each major section. 16 

6.2.1.3 Cross-bonded cables 

As demonstrated in section 6.1.2, cross-bonded cables have a completely different response to 

inter-phase excitation, compared to normal-bonded structures. Because a sheath changes phase 

twice inside each major section, it cannot succeed to shield any of the phase conductors. For the 

same reason, single-phase coaxial modes cannot propagate in a cross-bonded cable and an inter-

phase mode will not become a coaxial mode above a certain frequency, as observed for normal-

bonded cables. On the other hand, three-phase zero-sequence coaxial mode propagation is not 

10
0

10
2

10
4

10
6

10
-4

10
-3

10
-2

10
-1

10
0

Frequency (Hz)

A
tt

en
u

at
io

n
 (

d
B

/k
m

)

 

 

Regular

Irregular

Zero-seq. mode

Inter-phase mode



124 

 

affected by the cross-bonding because the same current flows in all cores and comes back in all 

sheaths. 

The same example of the previous section using the cable described in Table 6.6 is used to 

demonstrate the impact of sheath grounding in cross-bonded cables. The excitation circuits in 

Figure 6.13 (with the ground wire replaced by the sheaths) are applied to the cross-bonded cable. 

Once again the cable has 1.2 km and both cases of regular and irregular grounding lengths are 

considered. 

Figure 6.17 through Figure 6.20 represents the attenuation of the cable for the cases of: a) zero-

sequence core excitation; b) inter-phase excitation with regular grounding lengths, i.e. all major 

sections having 400 m; c) inter-phase excitation for 350 m – 500 m – 350 m major sections; and d) 

inter-phase excitation for 300 m – 600 m – 300 m major sections.  

As mentioned above, the response to a zero-sequence excitation is not affected at all by sheath 

grounding and the attenuation is the same as that of a normal-bonded cable. On the other hand, the 

attenuations in the case of inter-phase excitation are extremely irregular above a certain frequency, 

much more irregular than in the case of an OHL shown in Figure 6.15. On the other hand, irregular 

grounding lengths does not have a clear effect on the attenuation as it had for the case of an OHL 

and the three cases in Figure 6.20 have nearly the same characteristics. 

 

Figure 6.17 Zero-sequence attenuation of a cross-bonded cable. 16 
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Figure 6.18 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

regular lengths (400 m, 400 m, 400 m). 16 

  

Figure 6.19 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

irregular lengths (350 m, 500 m, 350 m). 16 
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Figure 6.20 Inter-phase attenuation of a cross-bonded cable with the sheaths cross-bonded at 

irregular lengths (300 m, 600 m, 300 m). 16 

In case the grounding of sheath uses a high resistance, the attenuation characteristics of the cross-

bonded cable are exactly equal to those in Figure 6.20. This shows that what affects the cable 

response is not particularly the grounding but it is the bonding of the sheaths together at the end of 

the major section. On the other hand, the irregularities in Figure 6.20 would not exist if the sheaths 

were not cross-bonded as in the case of the normal-bonded cable. 

Contrary to OHL’s for which all the conductor modes have nearly the same velocity, in an 

underground cable all the modes have different velocities. Two equal inter-core modes can be 

achieved through core transposition. In the same way, two equal inter-sheath modes can be 

achieved through sheath transposition. However, inter-core modes cannot in general be equal to 

the inter-sheath modes. Thus, wavelengths which are defined from the modal velocities will be 

different for the inter-core and the inter-sheath modes. 

At the same time, the non-uniformities of the core conductors are not the same as the non-

uniformities of the sheaths. For example, the sheaths are grounded at each major section. The cores 

are grounded eventually at the receiving end. Thus, the length which is involved in the resonance 

phenomenon will be different whether inter-core or inter-sheath modes are considered. 

The conclusion of the two previous paragraphs is that multiple resonances will be observed, some 

related to inter-sheath modes, others related to inter-core modes and the result is a completely 

irregular characteristics of the cable’s response. 
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6.2.2 Impact of sheath cross-bonding 

As observed in section 6.1, cross-bonded cables have in general a different behavior both in 

frequency and in time-domain compared to normal-bonded cables [50]. In section 6.2.1.3 it was 

further observed that sheath grounding has impact on the response of the cable to inter-phase 

excitation only in the case where the sheaths are cross-bonded.  

In a cross-bonded system, inter-core currents give rise to inter-sheath currents. The two circuits in 

Figure 6.21 are used to investigate the impact of sheath currents in a cross-bonded cable. As in a 

real system, the sheaths are grounded at the receiving end. The cable system is the same used in 

section 6.1. 

( )I f

a

b

c

gR

N major 

sections

gR

( )I f

           

( )I f

a

b

c

gR

N major 

sections

gR

0.5 ( )I f

0.5 ( )I f

 

Figure 6.21 Two-phase and three-phase inter-sheath excitation of N major sections. 

The responses of the cross-bonded cable to the two excitations in Figure 6.21 are shown in Figure 

6.22 and Figure 6.23, respectively. It is readily observed in these figures that the responses of 1 

major section to inter-sheath excitations are very similar to the responses to inter-core energising 

in Figure 6.7 and Figure 6.8.  

The responses of 1 and 18 major sections in Figure 6.22 and Figure 6.23 are very similar too. This 

is a result of bonding the three sheaths at each major section. The three sheath voltages are exactly 

the same at those points and thus no inter-sheath mode can be transmitted from one major section 

to the other. The small differences in the responses of 1 and 18 major sections are due to 

transmission through the core conductors.  
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a) One major section. b) 18 major sections. 

Figure 6.22 Short-circuit input impedance for two-phase inter-sheath excitation in a cross-bonded 

cable. 14 

  

a) One major section. b) 18 major sections. 

Figure 6.23 Short-circuit input impedance for three-phase inter-sheath excitation in a cross-bonded 

cable. 14 

The above phenomenon together with the results from sections 6.1.1 and 6.2.1.3 show that sheath 

cross-bonding and consequently sheath currents have an important impact on the cable response, 

in particular at high frequencies. Inter-phase excitation of cross-bonded cables always induces 

inter-sheath currents.  

The existence of inter-sheath modes which circulate within each major section is also observed 

from points in the frequency response of the cable which are repeatedly observed for all cable 

lengths and both for short-circuit or open-circuit terminations.  

For example, Table 6.7 shows the inter-core mode impedances (obtained in section 6.1.1) as well 

as inter-sheath mode impedances calculated at 166.7 kHz. Both for inter-core and inter-sheath 

modes, the impedance at 166.7 kHz does not change with the length of the cable. This results from 

a phenomenon occurring on the first major section only. The inter-core impedance corresponds to 
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an open-circuit resonance, whereas the inter-sheath impedance corresponds to a short-circuit 

resonance. This means that the highest sheath currents induce the highest core voltages. 

Table 6.7. Inter-core and inter-sheath mode impedances of a cross-bonded cable at 166.7 kHz. 

Recv. 

end 

Major 

sections 

Inter-core excitation Inter-sheath excitation 

Two-phase (Ω) Three-phase (Ω) Two-phase (Ω) Three-phase (Ω) 

Open-

circuit 

1 476.2 482.6 n.a. n.a. 

3 473.4 477.3 n.a. n.a. 

6 473.4 477.3 n.a. n.a. 

18 473.3 477.3 n.a. n.a. 

Short-

circuit 

1 470.4 472 6.672 4.424 

3 473.3 477.3 6.124 3.607 

6 473.3 477.3 6.087 3.595 

18 473.3 477.3 6.088 3.595 

 

At 166.7 kHz the wavelength of the coaxial mode is  

    6 3166.7 10 166.7 10 1000mc coc f        

where 6166.7 10 m scoc    is the coaxial velocity in Table 6.3 and 3166.7 10 Hzf    is the 

resonant frequency. The wavelength of an inter-sheath mode is 

    6 389.1 10 166.7 10 535msh shc f        

Interestingly, at 166.7 kHz the length of a major section is 6 times 2c  and about 11 times 2sh

. This shows that the response of a cross-bonded cable to an inter-core excitation has a strong 

contribution of different modes and it is irregular because the different modes become resonant at 

different frequencies that are not necessarily multiples of one another.  

6.3 Modeling of cross-bonded cables 

The most straightforward way for modeling cross-bonded cables is by modeling each minor section 

separately (discrete model) [14],[16],[20],[44]-[47]. This approach can be cumbersome and result 

in long simulations if the number of cable sections to model is very large.  
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In alternative, a whole major section can be modeled by a single homogeneous equivalent with 

the three bonded sheaths represented as a single conductor [15],[34]-[36]. Despite clear gains in 

computation time, the homogeneous equivalent does not allow calculating sheath over-voltages 

within major sections and has limitations which affect the accuracy of time and frequency domain 

simulations. Previous studies made clear the importance of modeling bonding wires impedance 

[16], non-uniform length of minor sections [32], and reflections caused by discontinuities at 

bonding points during a transient [16],[20],[47]. As this section will show, even without accounting 

for bonding wire impedances, the homogenous equivalent may not be sufficiently accurate in 

frequency domain.   

In this section, four alternative models for cross-bonded cables are compared based on frequency 

and time domain responses, including the simulation of a field test.  

6.3.1 Alternative models 

Figure 6.24 through Figure 6.27 illustrate the different models for a cross-bonded cables with N 

major sections: Model 1, the most accurate, models each minor section separately; Model 2 

represents each major section by a homogeneous equivalent; Model 3 uses homogeneous 

equivalents for all except the first and last major sections; Model 4 uses discrete modeling of the 

two major sections at each terminal. An approach similar to model 1 had already been investigated 

for OHL’s with ground wires [78]. 

Major 1 Major 2

…

Major N

gR gR
gR

…
D1 D2 DN

 

Figure 6.24 Model 1 for a cable with N major sections – discrete modeling of each major section 

[51]. 
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Major 1 Major 2

…

Major N

gR gR
gR

…

H1 H2 HN

 

Figure 6.25 Model 2 for a cable with N major sections – each major section modeled with a 

homogeneous equivalent [51]. 
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Figure 6.26 Model 3 for a cable with N major sections – discrete modeling of terminal major 

sections only [51]. 
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Figure 6.27 Model 4 for a cable with N major sections – discrete modeling of 2 major sections at 

each terminal [51].  

6.3.2 Frequency responses 

Figure 6.31 shows the response of the alternative models of a cross-bonded cable with layout in 

Figure 6.2 and 18 major sections of 3 km each to the excitation in Figure 6.5 (right). All models 

give the same result up to about 7425 Hz, corresponding to resonance between the inter-sheath 

mode component and 1 major section, as explained in section 6.2.2. Above this frequency, mode 
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superposition strongly affects the frequency responses. Model 3 and model 4 can account for this 

phenomenon and they show good agreement with model 1. Instead, model 2 has a response similar 

to a normal-bonded cable and it cannot represent the mode superposition caused by induced by 

sheath currents. Thus, if the cross-bonding is simply neglected and the cable is modeled with a 

single section the response will be the same as that of a homogeneous model (model 2). 

 

Figure 6.28 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 1 in Figure 6.24 [51].15 

 

Figure 6.29 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 2 in Figure 6.25 [51]. 15  
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Figure 6.30 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 3 in Figure 6.26 [51]. 15 

 

Figure 6.31 Input impedance for 3-phase excitation in 18 major sections (54 km) of a cross-bonded 

cable using model 4 in Figure 6.27 [51]. 15 

6.3.3 Time responses 

A 225 kV cross-bonded cable commissioned by the French Transmission System Operator RTE 

has the layout in Figure 6.2 with 17 major sections and 64 km length. The sheaths are bonded and 

grounded at each major section through 5 Ω resistances and the cores are open-circuited at the 

receiving end. The cable is simulated in time domain using the alternative models in Figure 6.24 

through Figure 6.27 for the energising from a balanced network of infinite power at t = 0 ms.  

Figure 6.32 shows the receiving end voltage of phase-b. Model 2 cannot account for the high 

frequency oscillations caused by reflections between cross-bonding points and thus has the 

smoothest wave-shape. Models 3 and 4 present these high-frequency oscillations because they 
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model accurately the terminal major sections. However, these oscillations are more damped out 

than for model 1. If the cross-bonding is simply neglected, the response is similar to that of model 2. 

 

Figure 6.32 Receiving end phase-b voltage for 3-phase excitation of 17 major sections (64 km) for 

energising from a balanced network of infinite power [51].17  

6.3.4 Simulation of a field test 

The cable models in Figure 6.24 through Figure 6.27 are used to simulate the energising test 

presented in section 3.2.  

Figure 6.33 shows the field test results of voltages at the cable sending end as well as the simulated 

results using models 1 and 2. Model 3 and Model 4 are omitted to avoid overloading the figures 

and because model 1 and model 2 already show nearly the same response. This is because the 

reflections transmitted from cross-bonding points are much more attenuated than in the case of the 

infinite power source used in section 6.3.3. In this case, if the cross-bonding the response would 

be the nearly the same as that of the full model (model 1) 

                                                 

17 Circuit: CableSimulation_Files\EnergisingTest_RTECable\EMTP_circuit\Energization_Circuit.ecf  

Plotting: Circuit:CableSimulation_Files\EnergisingTest_RTECable\EMTP_circuit\Plot_Energization.m 
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a) Phase-a sending end current. b) Phase-a sending end voltage. 

  

a) Phase-b sending end current. b) Phase-b sending end voltage. 

  

a) Phase-c sending end current. b) Phase-c sending end voltage. 

Figure 6.33 Field test and simulation results of three-phase currents and voltages in a cross-bonded 

cable [51]. 17 

6.3.5 Performances of different cable models 

The alternative models for cross-bonded cables, illustrated in Figure 6.24 through Figure 6.27 were 

tested in the previous sections with simulations in time and frequency domain.  

In all tests, model 2 using homogeneous equivalents was the least accurate and the reason is that it 

cannot account neither for mode superposition caused by induced sheath currents nor for reflections 

at cross-bonding points. Models 3 and 4 perform substantially better because they model the 

terminal major sections accurately. Measurements at cable ends are mostly affected by the 

phenomena occurring in these sections because of proximity and because of sheath grounding 

which attenuates waves transmitted from distant sections.  
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The models also differ in CPU time required for time and frequency simulations. The values in 

Table 6.8 correspond to the relative CPU time required for each model to simulate a cross-bonded 

cable having 17 major sections and considering model 1 as the reference. Model 2 requires about 

1/5 of the CPU time for model 1, while model 3 requires 1/3. However, the gains in CPU time are 

not linearly dependent on the number of modeled cable sections.  

The cable models can also be compared in terms of the simulation time-step, limited by the shortest 

propagation delay on the cable. Models which go to the details of a minor section (models 1, 3 and 

4) require a time-step 3 times smaller than model 2 and thus need 3 times more solution points. In 

Table 6, the time-step Δt = 4 μs is imposed by the minimum propagation delay of a minor section 

in the cable. However, model 2 could have been simulated using Δt = 12 μs (three times higher) 

which would further reduce the CPU time for the time domain simulation. 

In summary, if computer resources are not a limitation, discrete modeling of each minor section 

(model 1) gives the most accurate results. If the number of major sections is high to the point of 

making simulations prohibitively long, then models 3 and 4 can be used and still give fairly 

accurate results. Further savings in memory and computation could be achieved if the intermediate 

major sections were modeled by a single homogeneous equivalent including the sheath grounding 

resistance in the admittance matrix as explained in [36]. The authors verified that this 

approximation affects mostly the earth-return mode which has little impact on the cable response 

due to high attenuation. 

Table 6.8 Relative CPU time for simulating different models of a cross-bonded cable having 17 

major sections. 

Simulation type Model 1 Model 2 Model 3 Model 4 

Time domain (Δt = 4 μs, T = 0.1 s) 1 pu 0.22 pu 0.29 pu 0.39 pu 

Freq. domain (1000 ppd, 1-106 Hz) 1 pu 0.18 pu 0.35 pu 0.49 pu 

 

6.4 Application of frequency responses for calculation of propagation 

constants of cross-bonded cables 

Since modal theory was first applied to the study of power transmission systems [48], the usual 

approach for calculating the propagation factors j     for a multi-phase system is to 
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calculate the eigenvalues of the product of per-unit-length matrices Z Y . For non-uniform systems 

such as cross-bonded cables or OHL’s with multiply grounded shield wires, this usually requires 

deriving the per-unit-length parameters of a homogeneous equivalent [15], [34]-[36].  

For a perfectly uniform structure, e.g. a cable minor section,   is accurately calculated from the 

equivalent PI-model circuit representation of a mode, given by 

 
0 0

l l

I VA B

I VB A

     
    

    
  (6.6) 

    0 0coth , cosechA Y l B Y l     (6.7) 

where subscripts 0 and l are used for sending end and receiving end quantities and l is the total 

length of the system. In open-circuit 0lI  and with voltage application 0 srcV V . Under these 

conditions, (6.6) is reduced to give: 

 
 

1V 11 1 1
cosh

cosh
srcV

l src
l

V V
l l V




   
    

 
  (6.8) 

From (6.8) it is possible to compute   simply from the open-circuit receiving end voltage and 

cable length. 

If one assumes that a representation such as (6.6) also applies for a non-uniform structure, e.g. a 

cross-bonded cable, then   can be calculated from the receiving end voltage response of the cable 

by applying (6.8). 

Figure 6.34 shows the propagation velocity v    with   the imaginary part of   for 3 cases: 

1) zero-sequence excitation of the cores giving the same result for normal-bonded and cross-

bonded cables; 2) inter-core excitation as in Figure 6.5 (right circuit) applied to a cross-bonded 

(XB) cable; and 3) inter-core excitation as in Figure 6.5 (right circuit) applied to a normal-bonded 

(NB) cable. The inter-core mode velocity in a normal-bonded cable goes from purely inter-core to 

purely coaxial as the sheath skin depth becomes lesser than the sheaths thickness. The irregularity 

in inter-core mode velocity of a cross-bonded cable is due to a superposition of modes, as explained 

in section 6.1.2, and the spikes correspond to resonance in the cable length between sheath 

grounding points and the superposed mode wavelength.  
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Figure 6.34 Propagation velocities calculated from the frequency scan of open-circuit response of 

normal-bonded and cross-bonded cables [51].18 

 

6.5 Application of frequency responses for fault location in 

crossbonded cables 

Methods for fault location in power cables can be divided into off-line and on-line methods 

according to whether the cable needs to be out-of-service to apply the method or not. Off-line 

methods have a long history and are well documented [79]. Though very accurate, off-line methods 

are highly demanding in man-power and time. This motivated the development of on-line methods, 

divided into impedance-based and travelling-based methods. 

Online fault location methods developed for overhead lines or for cables with no bonding [80] may 

not be applicable to cross-bonded systems. Impedance-based methods are difficult to apply to 

cross-bonded cables because the loop impedance of the cable is discontinuous at cross-bonding 

points [45],[47]. Travelling-wave methods give accurate results on cross-bonded systems but 

require two or more observation points and good synchronization between measuring units 

[47],[81],[82]. 
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This chapter presents an alternative fault location method applicable to cross-bonded cables and 

requiring only one observation point. The method is based on the relation between the first resonant 

frequency of the system and the distance from the fault.  

The method is illustrated by applying a solid core-to-sheath fault at the nth minor section of the 

cable in Figure 6.2 with 6 major sections and a total length of 18 km, i.e. 1 km per minor section. 

The current source defined in equation (2.48) is applied to the faulted phase and the impedance 

response is calculated from the measured source voltage as in (2.49). The same test is applied to 

normal-bonded, cross-bonded and transposed cables.  

The short-circuit cable response has an initial peak corresponding to the wavelength   being equal 

to 4 times the length of the cable, or in this case the distance d  to the fault point. Therefore, the 

distance to the fault can be calculated as 

  0 04 4c f d d c f       (6.9) 

where c  is the velocity of propagation and 0f  is the frequency of the first peak in the cable 

response. Though not shown, the modal velocities for this cable system becomes nearly constant 

above 100 Hz. Therefore, the values in Table 6.3 can be used to estimate the fault location using 

(6.9).  

Though the interest is to calculate the location of the fault, eq. (6.9) can also be used inversely i.e. 

use the fault location d  and the fundamental frequency 0f  observed from the cable response to 

calculate the velocity as  

 04c f d   (6.10) 

The interest of this exercise is to verify which mode creates the resonance.  

 

Table 6.9 shows the fundamental resonant frequencies of normal-bonded, cross-bonded and 

transposed cables when the fault is located at different points and the corresponding modal 

velocities estimated with (6.10). As expected, in the case of normal-bonding the coaxial mode 

velocity is obtained for all fault locations. For the cases of cross-bonded and transposed cables the 

velocity is 119 m/μs which corresponds to the inter-core mode in Table 6.3. An exception if found 

for a fault located within the first minor section in which the dominant modes are purely coaxial 
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(fault on the 1st minor section) and inter-sheath (fault on 2nd and 3rd minor sections). Although the 

cables are cross-bonded or transposed, the inter-sheath mode velocities obtained are those of a 

normal-bonded cable because at the first and second minor sections, the sheaths and cores have not 

been completely transposed yet. Even for a fault in the 4th minor section the error (deviation from 

the velocities in Table 6.3) is relatively high – 5.2% for cross-bonded and 6.8% for transposed 

cables. For faults located at the 5th minor section or further from the source, it is clearly the inter-

core mode which is associated to the first resonant frequency in the cable response. 

Figure 6.36 shows the impedance amplitude and phase of the cross-bonded cable for different fault 

locations. The location of the fault can be identified either from the first peak in impedance 

amplitude or the first zero-crossing of impedance phase. 

 

Table 6.9. Measured frequencies and calculated velocities for fault detection on a cable with 6 

major sections and 18 km [51]. 

Fault Normal-bonded Cross-bonded Transposed 

Major Minor f0 (Hz) v (m/μs) f0 v f0 v 

1 1 41400 166 41418 166 41400 166 

2 20559 164 12370 99 12560 100 

3 13772 165 8205 98 8337 100 

2 4 10257 164 7820 125 7943 127 

5 8222 164 6007 120 6053 121 

6 6939 167 5078 122 5082 122 

3 9 4560 164 3296 119 3350 121 

4 12 3412 164 2414 116 2466 118 

5 15 2716 163 1969 118 1995 120 

6 17 2393 163 1768 120 1786 121 

18 2254 162 1645 118 1679 121 
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Figure 6.35 Simulated frequency response (magnitude of input impedance) of a cross-bonded cable 

with 6 major sections with a fault placed at 3 different locations [51].19
 

 

Figure 6.36 Simulated frequency response (angle of input impedance) of a cross-bonded cable with 

6 major sections with a fault placed at 3 different locations [51]. 19 

This approach can also be verified in time-domain. The simulation test consists of applying a fault 

at t = 1 ms to the cross-bonded cable with 18 major sections. The cable is constantly fed by a 

balanced 225 kV source. Figure 6.37 shows the sending end current when a phase-to-phase fault 

occurs at two points in the cable: end of the 4th major section and end of the 6th major section. It 

can be observed that the period of oscillations is 149.7 μs for a fault at the 4th major section and 

225.6 μs for the fault at the 6th major section. The ratio between oscillating periods 

149.7 225.6 0.66  is similar to the inverse of the frequency ratio 1644.92 2414.42 0.68  which 
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shows that the different between fault locations can be observed in frequency-domain as well as in 

time-domain. 

 

Figure 6.37 Sending end current for phase-to-phase short-circuit in a 225 kV cable with 18 major 

sections.20 

6.6 Conclusion  

In this chapter a study of cross-bonded cables for HVAC power transmission was presented with 

the following conclusions.  

Single-core coaxial modes cannot propagate in cross-bonded systems because the sheaths change 

phase within each major section. Instead, these systems will have two inter-core modes which are 

slower and more attenuated.  

Core modes, both of coaxial or inter-core nature, are unaffected by the grounding of the sheaths at 

each major section. This occurs because the penetration depth becomes lesser than the sheath 

thickness after a certain frequency. Thus the sheaths provide full shielding of the phase conductors 

to any external phenomenon. On the other hand, core modes are affected by the bonding of the 

sheaths at each major section. 

Inter-core modes on cross-bonded cables are generally accompanied of induced inter-sheath 

modes. The superposition of modes is particularly noticeable when resonance between one major 
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section and the inter-sheath mode wavelength occurs. This is generally observed at high 

frequencies, depending on the length of the major section. 

Modeling cross-bonded systems through homogeneous equivalents is inaccurate both in time and 

frequency domain because the equivalent cannot represent the abovementioned superposition 

modes nor the reflections created at cross-bonding points which affect the core voltages and 

currents. The two phenomena have an important impact on the cable response to switching, fault 

and lightning transients.  

Accurate modeling of first and last major sections greatly reduces the simulation times compared 

to full discrete modeling and gives more accurate results both in frequency and time domain 

compared to using homogeneous equivalents alone. The approach showed good accuracy in the 

simulation of a field test on a 225 kV underground cross-bonded cable with 64 km and 17 major 

sections.  

Propagation constants of cross-bonded cables can be calculated without recurring to homogeneous 

equivalents, based only on the open-circuit response of the system. 

A single-terminal method can accurately locate faults in cross-bonded cables based on their 

frequency response and characteristic wave velocity. The method was demonstrated in a cross-

bonded system with 18 major sections for different fault locations. 
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 

7.1 Summary of this thesis 

The main objective of this thesis was to investigate the behavior, modeling and simulation of 

underground cables used for HVAC power transmission. The main trigger for this project was the 

field test carried out by the French TSO Réseaux de Transport d’Électricité on a 64 km underground 

cable meant to measure the cable characteristics and to validate a cable model for transient studies. 

The study of the test results lead to the development of a method for calculating PUL resistance, 

inductance and capacitance from measured voltage and current waveforms which provides 

valuable additional information for validating the cable model. Another important trigger was the 

rare measurements of cable discharge courteously provided by National Grid, UK which allowed 

a validation of a cable model for discharge studies and the estimation of the typical time required 

to discharge a HVAC cable. Finally, this PhD project also filled a gap in the literature by 

demonstrating very important aspects of cross-bonded cables which differentiate them from simple 

normal-bonded cables. The most important remarks of this PhD project are summarized as follows. 

Equation Chapter (Next) Section 1 

Calculation of per-unit-length cable parameters from field test results 

The usual practice when using field tests for validation of cable model for transients studies is to 

calculate modal attenuations, velocities and characteristic impedances from the voltages and 

currents measured at the cable terminals and to compare them to the cable model parameters. 

However, this method of validation is limited when the source of discrepancies between field test 

and simulation results needs to be identified. It was shown in this thesis that further information 

can be extracted from the results of cable surge testing namely the PUL resistance, the inductance 

and the capacitance for each modal excitation. The advantage of using these additional data to 

validate the cable model is that they allow a better identification of the sources of deviation between 

field test and simulation results. For example, the approach can be useful in identifying the impact 

of external factors, such as the grounding resistance or the inductance of a bonding wire into the 

measured results. 
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Cable discharge 

The discharge of a power transmission cable to safe voltage levels can take many hours to complete 

if equipment for forced discharging is not used. Being a quasi-DC phenomenon, the time required 

for the discharge is mainly determined by the cable shunt parameters, i.e. the per-unit-length 

capacitance and conductance, as well as the leakage resistance of the insulators connected to the 

cable. The cable parameters are nearly unaffected by external factors. On the other hand, insulator 

equipment exposed to air are highly affected by air temperature, humidity and contamination. The 

cable capacitance can be easily calculated using available cable data. On the other hand, the leakage 

resistances of the cable and the external circuit are in general not easily available but can be 

estimated from measured time responses of cable voltage during discharge, as demonstrated in this 

thesis, which follow well-known formulas of RC circuits. Typical ranges of properties for cable 

insulation, cable capacitance and insulator equipment have been collected to estimate the typical 

discharge times required to lower the cable voltage to safe limits once the cable is out of service. 

This can go from a few minutes in case of a leaky system to several days if very little leakage is 

observed. A correction to the leakage resistance of insulators that accounts for changes in the air 

humidity was defined based on a field test result. 

 

Cross-bonded cables 

The main difference between cross-bonded and normal-bonded cables which was clearly 

demonstrated in this thesis is that coaxial modes cannot propagate in cross-bonded cables. Instead, 

inter-core modes will propagate. These modes have in general very different characteristics than 

those of coaxial modes, i.e. different attenuation, propagation velocity and characteristic 

impedance. This difference is extremely important when performing harmonic, fault location and 

transient studies. Furthermore, these inter-core modes are always accompanied by induced inter-

sheath modes and they are thus affected by the non-uniformities in the sheaths. Because the skin 

effect depth becomes lesser than the sheath thickness above a certain frequency, the transient cable 

response will not be affected by the grounding of the sheath. However, it will be affected by the 

sheath cross-bonding and by the bonding of the three-phase sheaths at the end of each major 

section. Due to this bonding, each major section will have a separate circuit for the sheaths. When 
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the inter-sheath mode wave resonates inside a major section it will have a magnified impact on the 

overall cable response.  

Modeling of cross-bonded cables using homogeneous equivalents is thus inaccurate not only in 

time domain but also in frequency domain because these standing wave phenomenon occurring in 

the sheaths is not represented. However, the accuracy of simulations can be improved if the 

terminal sections of the cable system are accurately represented, even if the remainder of the cable 

is modeled by a homogeneous equivalent. Still, if the purpose of the study is the estimation of 

sheath overvoltage the full cable length should be modeled in the most accurate manner, i.e. each 

minor section with each core and sheath conductor modeled separately and the cross-bonding and 

sheath groundings explicitly represented.  

Another important aspect demonstrated in this thesis is that a homogeneous equivalent is not 

required to calculate the propagation characteristics of a cross-bonded cable because these can 

simply be calculated from the cable open-circuit and short-circuit responses. This approach is 

however limited to frequencies at which the cable length is lesser than half wavelength, after which 

the standing-wave effect becomes important. Finally it was also demonstrated that the frequency 

response of the cross-bonded cable can also be used for fault location. 

 

The conclusions drawn from this PhD project have direct application in the simulation of 

electromagnetic transients involving HVAC underground cables, in particular the validation of 

cable models. The typical values of cable discharge time, cable insulation and insulator leakage 

resistances that have been provided in this thesis are useful for evaluating the need for special 

discharge equipment. Finally, the remarks on the behavior, modeling and simulation of cross-

bonded cables can be applied to transient electromagnetic studies, harmonic studies and fault 

location in cables. A list of the journal and conference publications derived from this PhD project 

can be found in appendix C. 
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7.2 Future work 

Considering the general scope of this thesis, which is the modeling of HVAC cables and simulation 

of electromagnetic transients, possible developments are as follows. 

Investigation of impedance and admittance formulas for finite cable 

The impedance and admittance formulas currently used in EMTP (Schelkunoff, Carson, Pollaczek) 

assume infinite conductors and are thus defined as per-unit-length. This assumption can be 

inaccurate particularly at frequencies for which the wavelength becomes comparable to the cable 

length. The impact of infinite conductor assumption on the accuracy of cable parameters has not 

been clearly identified. 

Impact of grounding and earth return impedance during a field test of surge in a cable 

During a field test, if the testing site is not located in a substation a local grounding has to be 

installed for protection of staff and equipment and to provide a voltage reference. The quality of a 

manually installed grounding is in general not as good as the grounding of a substation and it may 

have a magnified impact in the measurements. Moreover, the grounding and earth-return 

impedances are likely to be highly frequency dependent. The impact of grounding and frequency 

dependency of earth-return impedance in field test measurements is a subject to be further clarified. 

Implement proximity effect aware formulas 

Several publications have demonstrated the impact of proximity effect in the transient response of 

long cross-bonded cables [14] as well as submarine cables [84]. Due to the close proximity of the 

phases, this impact can be particularly important in submarine cables which are more and more 

often used for overseas interconnections (e.g. intercontinental links and off-shore wind farms). At 

the same time, the application of numerical methods (in particular the finite-elements method and 

the method of moments) for the calculation of proximity aware cable parameters has been 

thoroughly tested and reported in several publications and particularly in a report of CIGRÉ [85]. 

The implementation of proximity aware cable parameter calculation into EMTP is a feature desired 

by many power utilities. However, further analysis of the actual impact of proximity effect with 

field tests and practical cases is still needed. 
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Improve earth-return impedance formula 

Pollaczek’s formula for the earth-return impedance uses several assumptions. For example, the 

relative permittivity of the soil is assumed to be 1, the conductor is assumed as infinitely thin and 

the propagation is assumed to be in transverse electromagnetic (TEM) mode. At high frequencies 

the assumption that the earth behaves as a conductor is no longer valid, i.e. earth earth   and the 

assumption of TEM propagation is no longer valid. In the case of OHL, it was demonstrated that 

accounting for the earth-return admittance allows representing this mode transition [86]. It would 

be desirable to achieve a similar solution for the case of the underground cable or simply to derive 

a full-wave solution capable of eliminating the limitations of Pollaczek’s formula.  
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APPENDIX A – CALCULATION OF CABLE PER-UNIT-LENGTH 

PARAMETERS IN EMTP-RV 

Cable models available in EMT software such as EMTP-RV, ATP and PSCAD-EMTPDC are 

generally based on the frequency-dependent per-unit-length (PUL) impedance and admittance 

matrices Z  and Y :Equation Chapter (Next) Section 1 

       j    Z R L   (A.1) 

       j    Y G C   (A.2) 

R  and L  are PUL series resistance and inductance matrices. G  and C  are PUL shunt conductance 

and capacitance. These matrices have dimension n n , where n  is the number of conductors in 

the system except the ground.  

The following sections show the formulas used by cable parameter calculation routines of common 

EMT software for calculating the PUL matrices Z  and Y . Even though there exist many different 

cable designs, these software are usually limited to the cases of single-core (SC) and pipe-type (PT) 

systems [61],[62],[63], which formulas are presented in sections A.1 and A.2, with special 

reference to earth-return impedances in section A.3. The modeling of special features such as 

stranded cores, semiconducting layers and high-density-poly-ethylene (HDPE) tubes require 

modification of input data as explained in section A.4 [83]. 

A.1 Single-core cable  

A.1.1 Input data 

Figure A.1 illustrates a single-phase single-core (SC) cable composed of core and sheath. The 

three-phase system is shown in Figure A.2. The data required for calculating the PUL matrices, 

defined in the figure, are : 

- inner and outer radii of core and sheath conductors and outer radius of the cable, 

- resistivity, permeability and permittivity of core and sheath conductors, 

- permittivity and loss factor of insulation layers, 
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- depth of burial, 

- cable length, 

- if the cable is multiphase, the horizontal coordinate for each phase is also required. 

These are the data commonly required by cable parameter calculation routines in EMT software. 

The impedance formulas given in the following sections are valid for underground cables, i.e. a 

negative burial depth cannot be used to represent an overhead cable. 
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Figure A.1 One-phase single-core cable composed of core and sheath. 
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Figure A.2 Three-phase single-core underground cable. 

A.1.2 Series impedance matrix 

The series impedance matrix for the single-phase cable in Figure A.1 is defined from the ratio 

between the derivative of the voltage with respect to the direction of propagation d dxV  and the 

current I  (the bar over complex quantities is dropped to simplify the notation) 
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d

dx
 

V
ZI   (A.3) 

 ,
co co

sh sh

V I

V I

   
    
   

V I   (A.4) 

where coV , coI  are the core-to-earth voltage and core current and shV , shI  are the counterparts for 

the sheath. The PUL series impedance matrix Z  can be expressed as the sum of an internal 

conductor impedance matrix iZ and an earth-return impedance matrix 0Z  as 

  i 0Z Z Z   (A.5) 

Matrix iZ  has the following form : 

 
11 12

12 22

i i

i i

Z Z

Z Z

 

 

 
  
 

iZ   (A.6) 

    11 2  co out co ins sh in sh mi sh out sh insZ Z Z Z Z Z Z             (A.7) 

 22 sh out si h insZ Z Z      (A.8) 

 12 sh out sh s hi in s mZ Z Z Z       (A.9) 

and matrix 0Z  is given as : 

 
ea ea

ea ea

Z Z

Z Z

 
  
 

0Z   (A.10) 

The formula for the earth-return path impedance eaZ  is given in section A.3. 

The impedances in (A.7) to (A.9) are defined as follows. 

co outZ   and sh outZ   are the PUL impedance of core and sheath outer surfaces. The outer surface 

impedance of a tubular conductor is in general given as [87],[88] 

         0 1 0 1
2

out out in out in
out

m
Z I mr K mr K mr I mr

r D




    (A.11) 

        1 1 1 1out in in outD I mr K mr I mr K mr    (A.12) 

 /m j    (A.13) 
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where   is the resistivity,   is the magnetic permeability and inr , outr  are the inner and outer radii 

of the tubular conductor. 0I , 1I , 0K , 1K  are modified Bessel functions. 

sh inZ   is the PUL impedances of inner surface of the sheath (the core is assumed to be solid). The 

inner surface impedance of a tubular conductor in general is [88] 

         0 1 0 1
2

in in out in out
in

m
Z I mr K mr K mr I mr

r D




    (A.14) 

sh mZ   is the PUL mutual impedance between inner and outer sheath surfaces. The mutual 

impedance of a tubular conductor is given in general as [88] 

 
2

m
in out

m
Z

r r D




   (A.15) 

co insZ   and sh insZ   are PUL impedances of core and sheath insulations. The impedance of an 

insulation between two tubular concentric conductors is given in general as [89] 

 log
2

ins ins out
ins

ins in

r
Z j

r









   (A.16) 

where ins inr   and ins outr   are inner and outer radii, and ins  the magnetic permeability of the specific 

insulation. 

In the case of a three-phase cable system made up of three single-core cables as illustrated in Figure 

A.2, (A.3) is replaced by a 6-row equation 

 
6 1

6 6 6 1d

dx
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V
Z I   (A.17) 
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V I   (A.18) 

 6 6 6 6 6 6
0

  
iZ = Z + Z   (A.19) 
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 (A.21) 

The diagonal matrices in (A.20) have the form of (A.6) and it is assumed that the three phases are 

equal. Otherwise, the three diagonal matrices in (A.20) would not be the equal. In (A.21), the 

diagonal matrices have the form in (A.10) and the off-diagonal matrices are as follows : 

 
ea m ea m

ea m ea m

Z Z

Z Z

 

 

 
  
 

ea-mZ   (A.22) 

The formula for the mutual earth-return impedance between any two conductors ea mZ   is given in 

section A.3. 

A.1.3 Shunt admittance matrix 

The shunt admittance matrix for the single-phase cable in Figure A.1 is defined from the ratio of 

the current derivative with respect to the direction of propagation d dxI  and the voltage V  as 

 
d

dx
 

I
YV   (A.23) 

where V  and I  are defined in (A.4). The shunt admittance matrix is conveniently expressed in 

terms of a potential coefficients matrix P  

 1j P Y   (A.24) 

  iP P   (A.25) 

 
co ins sh ins sh ins

sh ins sh ins

P P P

P P

  

 

 
 



 

iP   (A.26) 

co insP   and sh insP   are the potential coefficients for the core and sheath insulations, respectively. 

In general, the potential coefficient for an insulation between two tubular concentric conductors is 

given as [89] 
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 log

2

ins out ins inr r
P



    (A.27) 

where 0 r    is the permittivity and ins inr  , ins outr   are the inner and outer radii of the insulation. 

In the case of a three-phase cable system as in Figure A.2, (A.23) is replaced by a 6-row equation  

 
6

6 6 6d

dx

 
I

Y V   (A.28) 
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where it was assumed that the three phases are equal with iP  given in (A.26). 

The above formulation considers lossless insulation, i.e. jY C  with -1
C = P  the capacitance 

matrix. If insulation losses are accounted for, the admittance for the cable in Figure A.1 is instead 

written as : 

 loss j Y G C   (A.31) 

 
0

0

co ins

sh ins

G

G




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G   (A.32) 

Conductances co insG   and sh insG   represent the losses in the core and sheath insulations 

respectively, and they are generally accounted for by a so-called dielectric loss factor tan  defined 

at power frequency as 

 tanG C    (A.33) 

(A.33) applies to each insulation, i.e. tanco ins co ins coG C    and tansh ins sh ins shG C   . The 

capacitances are simply given as the inverse of respective potential coefficients in (A.27), i.e. 

 
 

2

log ins out ins in

C
r r



 

   (A.34) 

Based on (A.33) an artificial complex permittivity can be defined: 
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 j       (A.35) 

 tan      (A.36) 

Hence, the admittance of an insulation can be rewritten as : 
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log
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  (A.37) 

A.2 Pipe-type cable system 

A.2.1 Input data 

Figure A.3 illustrates a pipe-type (PT) cable. Each phase inside the pipe is illustrated in Figure A.1. 

Additionally to the input data described in section A.1.1 for a single-core system, the computation 

of PUL matrices for a PT cable also requires : 

- the inner and outer radii of pipe and the outer radius of pipe insulation, 

- the depth of the pipe,  

- the resistivity, permeability and permittivity of pipe conductor, 

- the permittivity of insulation inside and outside the pipe, 

- the location of each phase in relation to the center of the pipe i.e. distance to the center and 

angle. 

j
k

m

m

ph

md

 

Figure A.3 Underground pipe-type cable. 
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A.2.2 Series impedance matrix 

The series impedance matrix for a three-phase underground PT cable as illustrated in Figure A.3 

(internal phases illustrated in Figure A.1) can be expressed as  

 7 7 7 7 7 7 7 7 7 7    
i p c 0Z = Z + Z + Z + Z   (A.38) 
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In (A.39), submatrix iZ  is the conductor internal impedance matrix of each SC cables inside the 

pipe given in (A.6). 7×7
pZ  is the internal impedance matrix of the pipe, 7×7

cZ  is the connection 

impedance between the pipe inner and outer surfaces, and 7×7
0Z  is the earth-return impedance 

matrix. 

If the pipe thickness is smaller than the skin depth, i.e. 2p out p in p pr r     , the pipe can be 

regarded as being infinite, i.e. p outr    . In that case, the last row and column in (A.39) to (A.42) 

can be dropped and (A.38) is rewritten as a 6 6  equation 
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 6 6 6 6 6 6  
i pZ = Z + Z   (A.43) 

A sub-matrix of 7 7
pZ  in (A.40) has the following form [61],[90],[91] 
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In (A.45) iK  is the modified Bessel function of second class. Other parameters are defined in 

Figure A.3. The elements of matrix 7×7
cZ  in (A.41) have the form 
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where is the impedance of the pipe outer surface calculated with (A.11), p insZ   is the impedance 

of the pipe insulation calculated with (A.16) and p mZ   is the mutual impedance between the pipe 

inner and outer surface, calculated with (A.15). 
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A.2.3 Shunt admittance matrix 

The potential coefficients matrix of a pipe-type as illustrated in Figure A.3 has the following form: 

 7 7 7 7 7 7 7 7   
i p cP = P + P + P  or 6×6 6×6 6×6

i pP = P + P  for infinite pipe  (A.52) 

Where 
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p jkP  is the potential coefficient between inner conductors j  and j k  with respect to the pipe inner 

surface. In (A.53) to (A.55) the last column and row of 7 7
iP , 7 7

pP  7 7
cP  correspond to the pipe 

conductor and should be dropped out when the pipe thickness is assumed to be infinite. In (A.53) 

iP has the form of (A.26). 

A.3 Earth-return impedance 

Pollaczek developed the formulas for self and mutual earth-return impedances of underground 

conductors in (A.10) and (A.22). The self earth-return formula in (A.10), assuming 0ea   is as 

follows [92]  



168 

 

      
 

 

2 2

0
0 0

2 2

exp 2
exp

2
ea

h m
Z j K m r K m R j r d

m




   
  





  
 

   
  

 

   (A.56) 

where r  is the outer radius of the cable outer insulation, h  is the burial depth (positive value), 

 
22 2R r h   and 0 eam j  . In the above formula, Pollaczek assumed 

2
0 0 0ea ea ea        , i.e. that the earth behavior is largely closer to that of a conductor 

than to that of an insulator. It is clear that this assumption will hold only up to a certain frequency 

(generally above hundreds of MHz for typical values). If the assumption was not used, then 

 0' ea eam j j     should be used instead of m .  

Pollaczek’s formula for the mutual earth-return impedance between two underground conductors 

i  and k  is [92]  
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where y  is the horizontal distance between the two conductors,  
2 2

i kd h h y    is the 

distance between two conductors and  
2 2

i kD h h y    is the distance between one conductor 

and the image of the other.  

The calculation of the integrals in (A.56) and (A.57) is not straightforward because of the highly 

oscillatory nature of integrands. This motivated the development of approximate formulas and 

series developments. One of the first approximate formulas developed was [93] 
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 (A.58) 

This approximation gives less than 1% error up to 100 kHz but becomes less accurate for higher 

frequencies when the condition 1 4mr   can no longer be fulfilled [61],[93]. 

Another approximate formula which was demonstrated to give only up to 3% error compared to 

Pollaczek’s formula [94] 
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The formula for earth-return impedance used in EMTP is an approximation of (A.56) by Carson’s 

earth-return impedance for overhead lines [95]. This approximation consists of replacing in (A.56) 

  2 2exp 2h m   by   exp 2h   and accordingly in (A.57) replace 

  2 2exp i kh h m    by   exp i kh h    [95]. The approximation is justified by the large 

penetration depth of earth at low frequencies and it is accurate up to 10 kHz [95]. 

Some authors also developed numerical methods to directly calculate the integrals in (A.56) and 

(A.57), for example [96],[97]. However these methods require a high number of computations and 

have not been implemented in EMTP-type software to this moment. However, they have been used 

to assess the accuracy of approximate formulas for the typical ranges of earth properties and system 

geometry and have confirmed the superiority of the approximate formula in [94].  

A.4 Input data preparation for special cable features 

Sections A.1and A.2 described the calculation of cable parameters applied in general by EMT 

software. The calculations have several limitations, e.g. conductors must be solid or cylindrical, 

and in direct contact with the respective insulation. However, it is quite common that real cable 

systems have stranded cores, and semiconducting layers. Also, in some countries it is common to 

bury the cable phases inside HDPE tubes which become a part of the cable outer insulation. 

The modeling of special features which are not accounted for in cable parameter calculation 

routines require an adaptation of the data input to EMT software. The modifications required to 

model stranded cores, semiconducting layers and HDPE tubes are explained next. 

A.4.1 Stranded cores 

Cable parameter calculation routines assume solid or hollow cylindrical cores. In the case of 

stranded cores, the surface given by the outer radius is larger than the effective conducting surface 

because of space between the strands.  



170 

 

The modified resistivity   to be input to the parameter calculation routine is calculated from the 

core nominal area 2
n co outA r   and the actual area of the copper strands cA  as follows [68] 
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A.4.2 Semiconducting layers 

Semiconducting layers can have substantial impact in the propagation of coaxial waves, 

particularly affecting the velocity, surge impedance and possibly also attenuation [68],[69]. The 

impedance of the semiconducting (SC) layers has minor impact on the cable series impedance, for 

which the conductor impedance is predominant, but it has an important effect on the shunt 

admittance [69],[98]. To account for SC layers, it is generally accurate enough to simply modify 

the permittivity of the insulation to account for the new thickness as follows [68],[69],[98]: 
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  (A.61) 

where ins inr  , ins outr   are the inner and outer radii of insulation and semiconducting layers,   is 

the thickess of each semiconducting layer and r  is the relative permittivity of the insulation 

material. 

A.4.3 High-density poly-ethylene tubes 

Cable parameter calculation routines cannot account for a cable installed in high-density poly-

ethylene (HDPE) tubes as in the system illustrated in Figure A.4 because the metallic sheaths are 

in fact wrapped in a three-layer insulation (composed of the cable outer insulation, an air gap and 

the HDPE tube) whereas parameter calculation routines can only model homogeneous cable 

insulation. Additionally, the air gap, and the HDPE tube are not concentric because the cable lies 

on the bottom of the tube. No analytical formula of impedance or admittance has been derived for 

such type of system. However, the air gap and HDPE tube can be accounted for by modifying the 

permittivity of the cable outer insulation as explained next [83].  
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Firstly, the eccentric system of insulation layers is transformed into a concentric one: the inner and 

outer radius tube inr  , tube outr   for an equivalent HDPE tube concentric to the cable are calculated 

using the concept of geometrical mean distance (GMD) from the tube to the cable outer surface  
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where sh insr  , tube inr   and tube outr   are the sheath insulation outer radius and the HDPE tube real 

radius defined in Figure A.4. To obtain a concentric system composed of HDPE tube, air gap and 

cable outer insulation that is equivalent to the initial system it is still necessary to modify the 

permittivity of the HDPE tube to keep the same capacitance of the original HDPE tube, i.e. 
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Secondly, the multi-layer insulation is transformed into a homogeneous one: The total capacitance 

totC  of the multi-layer insulation is given by the series of the capacities for each layer 
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where shC , airC  and tubeC  are the capacitances of sheath insulation, air gap and HDPE tube 

respectively. The permittivity sh ins   of the equivalent homogeneous insulation with radius sh insr   

is then calculated from the total capacitance totC  as 
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It is possible that a relative permittivity smaller than one results from (A.67) because of 

representing a multi-layer insulation by an equivalent homogeneous insulation having a smaller 
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thickness. This value is only artificial and has no effect on the accuracy of the cable model which 

depends only on the final values of the series impedance and shunt admittance matrices [83]. 

Air
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tube inD 
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Figure A.4 Three-phase single-core cable buried inside high-density poly-ethylene tubes. 
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APPENDIX B – SCALING FACTOR BETWEEN THE RESISTANCE OF 

LUMPED- AND DISTRIBUTED- PARAMETER CIRCUITS 

In chapter 4.1.2, it was demonstrated that there is a scaling factor between the inductance and 

capacitance of a lumped-parameter circuit and a distributed-parameter system having current 

responses with the same frequency of oscillations. In this appendix, it is demonstrated that the same 

scaling factor applies between the resistance of the two systems to ensure that both present the 

same attenuation in their current response. Equation Chapter (Next) Section 1 

Consider a single-phase distributed-parameter line of length l , propagation speed v , surge 

impedance sZ  and attenuation per-unit-length  . The delay of propagation in this line is 

calculated as l v  . The line is connected to an ideal source at the sending end and it is open-

circuited at the receiving end. 

At t = 0: 

- A voltage wave sndV V  is transmitted at the sending end, accompanied by a current 

impulse snd sI V Z . 

At t =  : 

- The voltage wave arrives at the receiving end with as lVe   and is completely reflected 

back. The voltage at the receiving end becomes 2 l
rcvV Ve  . The arriving current wave 

l

s

V
e

Z


 is reflected back to the sending end as l

s

V
e

Z

  resulting in 0rcvI    

At t = 2 : 

- The backward travelling waves arrive further attenuated at the sending end. The current 

wave is totally reflected back due to the short-circuit. Thus, the current at the sending end 

becomes 
2 22 l l

snd
s s s

V V V
I e e

Z Z Z

        (assuming that the wave attenuation after a 

two-way travel through the line is low). 
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Considering only the modulus of currents, the value at the sending end decreased from 

0snd st
I V Z


  at t = 0 to 2

2

l
snd

s

V
I e

Z





  at t = 2 .  

If we model the current at the sending end through the response of a lumped-parameter circuit with 

attenuation constant l , then we can find a relation between the PUL   and the lumped-parameter 

l  as follows: 
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Using the relations l v  ,  2l R L   and  2 sR Z   the above equation can be developed 

to: 
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Knowing that 
2l

L L


  (chapter 4.1.2), the above equation can be further developed: 
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Finally,  
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This shows that the relation between the resistances of lumped and distributed parameter circuits 

is the same as the relation between inductances and capacitances of the same circuits. 
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