
STEADY STATE 
INDUCTIVE INFLUENCE 

OF 
HIGH VOLTAGE 

TRANSMISSION LINES 

A thesis presented for the degree of 
Doctor of Philosophy in Electrical and Electronic Engineering 
a.t the University of Canterbury, Christchurch, New Zealand. 

by 

Gordon Cameron 
~ 

August 1993 





[tl CINEERING 
llllRA RY 

TH ESIS 

TI<; 

.$ ~"-<P 
.c I '(, z. 
I 'in 

iii 

ABSTRACT 

Harmonic current flows within IUgh Voltage transmission lines induce voltages in 
neighbouring metallic conductors be they fences, pipelines, other transmission lines or 
telecommunications cables . These voltages may endanger organisms which come into 
contact with the conductors or impair the operation of electrical systems connectc(] 
to them. Under steady state operating conditions the induced voltages are seldom of 
sufficient magnitude to be hazardous, however they are on occasions severe enough to 
impair telecommunications services. With t he increasing use of non-linear loads within 
the power system, harmonic current flows and hence the incidence of telecommunication 
interference can be expected to rise . 

Many potential interference problems may be avoided by the coordination of tele
communication and electricity ' transmission systems. The most cost effective time to 
engineer solutions to interference problems is during the design of t he system. A need 
exists therefore for methods which accurately quantify the ability of High Voltage trans
mission lines to cause interference. 

T h is thesis is concerned with methods, both experimental and analytical, for deter
mi ning the Inductit!e Influence or ability of a t ransmission li ne to cause interference. 
Existing models for the mutual impedance of conductors in the presence of the earth 
are reviewed. Numerical studies of the factors effecting the inductive infl uence of single 
and three phase transmission lines are reported. Measures for reducing the inductive 
itlfl.uence through the use of alternative transmission line geometries and continuously 
grounded earth wires are investigated . New measures for quantifying the inductive in
fluence are proposed, which are superior to existing measures due to the inclusion of the 
effect of frequency, earth resistiv ity, current sequence and transmission hne geometry 
on t he inductive influence. Comparisons are made between a digital computer mo(lel of 
the New Zealand inter-island HVDe link, and measured currents using a non-invasive 
crossed loop antenna system. The accuracy of the new methods is confirmed, as is the 
need -for sensitive equipment when undertaking such investigations. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

High voltage transmission lines are designed to convey electrical energy frolll power 
stations to load centres . The energy is carried by the electromagnetic field which 
propagates along the transmission line. Unfortunately the field is not confined to the 
immediate vicinity of the wires. This can result in undesirable side effects. 

High intensity electromagnetic fields ca,n induce significant voltages and currents in 
neighbouring conductors, be they fence lines, pipelines, telecommunication cables or 
other transmission lines. The induced signals may impair the operation of electrical 
systems connected to the conductors or endanger organisms which come in contact 
with them. If the problem is severe then protection measures sllch as the installation 
of ground electrodes and sectionalisation of t.he conductor lllay be required . As the 
capacity of transmission lines is increased and land utilisation pressures force utilities 
to share rights of way, inductive co-ordination problems of this type will increase. 

Low intensity electromagnetic fields can impair the operation of electrical commu
nication systems due to the low power of the desired signal. The effect of this inductive 
interference lUay range from a mild annoyance to the subscriber to engulfing the de
sired signal thereby disabling the system . With the increased use of electronic switching 
devices in the electrical (listribution system, the magnitude of unwante.d harmonic cur
rents on transmiss ion lines is likely to increase . Consequently increased levels of steady 
state lIoise on local subscriber lines can be expected. However, with improved isola
tion, the use oflow susceptibility communications equipment and filters in the electrical 
distribution system, inductive interference problems can often be rectified . 

In recent years concerns have been exp ressed about the effect of electromagnetic 
fields on biological material. There is now little doubt that it is influenced by mag
netic fields, but the extent of t hese effects has yet to be determined. Of particular 
concern to the public is the effect of the fields induced by high voltage transmission 
lines crossing residential areas. Protection measures may be required in the future if it 
is determined that the electromagnetic. field from transmission lines has a detrimental 
effect on humans. -

Due to increased levels of interfering signals within power systems and increased 
concern about the fields these signals induce, it is likely that new operat ional procedures 
and design rules for power transmission systems will be required. 

1.2 Thesis Aims 

The Telecom Corporation of New Zealand Limited , sponsors of this researc.h, defined 
the aims of this project to be: 

I. The development of models which accurately predict the steady state inductive 
influenc.e of UHV and HV transmission lines 
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2. The use of these models to : 

• Investigate preferred transmission line operating configurations 

• Investigate cost effective methods of limiting steacly state harmonic current 
flows within the power system 

3. The verification of model accuracy by comparison with field measurements. 

A thorough study of these topics is beyond the scope of this project. In this thesis 
the steady state inductive influence of t ransmission lines or the ability that a transmis
sion line has to cause interference, is considered. The mechanisms that cause disturb ing 
currents to flow in transmission lines and methods for reducing these currents are not 
considered. 

1.3 C h apter Summar y 

In Chapter 2 existing methods for determining the interference induced in buried 
telecommunication cables are described . A simplified sequential procedure for deter
mining the resultant interference using computer simulations or a combination of mod
elling and experimental measurements is presented. The advantages, disadvantages 
and difficulties associated with simulating and measuring system state are discussed. 
Chapter 2 therefore satisfies the first aim of this project. 

Chapter 2 also states which methods are employed to generate the results presented 
in this thesis thereby indicating how this work contributes to the study of inductive co
ordination. Details of the computer models and experimental techniques are contained 
in Chapters 3, 4, 5, 6, 8 and 9. 

Accurate models of the fields induced by a transmission line above the earth are 
required to predict the inductive influence of transmission lines. Chapter 3 contains a 
review of existing models, the assumptions made during their derivation, implementa
tion details and their applications in the course of this research project. 

A measure for quantifying the inductive influence of transmission lines is presented 
in Chapter 4. This measure is then used to determine the accuracy of exist ing inductive 
coupling models. 

An interpretation of the physical mechanisms affecting the inductive influence of 
single conductor earth return transmission lines is also reported in Chapter 4. A family 
of simple models which approximate the current distribution induced within the earth 
are described. These models are well suited for educational purposes and are used 
in Chapter.) to explain the observed inductive influence phenomena associated with 
mnlticonductor transmission tines. New inductive influence measures based upon these 
models are presented in Chapter 7. 

Chapters 4 and:) summarise the gross dependencies of the inductive field induced 
by single and multiconductor lines on: line geometry, frequency, earth resistivity and 
the sequence of current flow. 

The second aim is satisfied by Chapters 6 and 7, in which two methods for the 
reduction of the inductive influence of transmissioll lines are presented. Chapter 6 con
siders the effect of alternat ive transmission line geometries and continuously grounded 
shield wires on the inductive influence. The shielding effectiveness of various conductor 
types and the shield wire power losses are studied. Chapter 7 proposes the use of new 
inductive influence measures based upon the models derived in Chapter 4. The use of 
inductive influence measures in Harmonic Limitation Legislation which accurately re
flect the ability of a transmission line to cause interference may improve the protection 
provided by such legislation and reduce the cost of compliance. . 
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Verification of the computer models, the t hird aim of this project, is the sub ject of 
Chapters 8 an~ 9. These chapters describe the work undertaken by the author to assess 
the inductive influence of the New Zealand High Voltage Direct Current Transmission 
Link. Chapter 8 contains detai ls of the multiconductor transmission line models l] sed 
to predict the disturbing current profile along the link. Although much of this work 
involves the use of standard models and analys is techniques, special algorithms have 
been developed to improve the efficiency of solution. The experimental techn iques, 
results and a comparison with compu ter simulations are reported in Chapter 9. 

The thesis. closes in Chapter 10 with a summary of the main conclusions and con
tribut ions made during this project. 

1.4 Project Philosophy 

From the organisation of this thesis, it a ppears that the project proceeded in a 
simple and direct manner designed to satisfy the project aims. In fact the research 
progressed in a more complicated manner to achieve the requirement of originality set 
by the University. 

At t he initiation of this project the au thor was confident that ex.isting computer 
models of transmission lines provided reasonable estimates of the fiel ds that exist in 
reality. Therefore emphasis was placed on satisfying the second aim by attempting to 
develop original methods for reducing the induct ive influence of transmission lines. 

To achieve th is goal the standard engineering philosophy of determining system 
behaviour then developing methods to exploit it, was employed . 

Two philosophies exist for determining system behaviour. The first method, or 
Mechanistic approach , requires the decomposition of the system into its component 
parts. Once the behaviour of each component is understood, the rules describing them 
may be combined to determine the behaviour of the entire system . This method is 
mechanistic in the sense that the response of the whole is constructed from that of 
its constituents and the process of decomposition and reconstruction is clearly defined 
and logical. A consequence of the mechanist ic nature of this process is that a result 
is assured. Unfortunately as t he relationships between components are bilateral, the 
resultant description of t he system behaviou r may be complicated, masking the dOlll
inant system behaviour with component details. In such cases approx.imat iolls must 
frequently be made to aid comprehension which introduces error into the analysis. 

The second approach, known as the Expe"imentai method, requires the observation 
of numerous controlled experiments and the formulat ion of rules to explain the results. 
Such an approach is difficult as it requires the ability to order information, compare it 
with ex.isting rules and specify new rules and experiments. This approach is not assured 
of success as the system behaviour may not be able to be described or approximated 
by simple rules. The rules obtained may never describe the system response in detail, 
although the dominant effects are generally determined early in the analysis. An ad
vantage of this approa.ch is t hat t he researcher becomes very familiar with the system 
response, which is invaluable when devising ways to exploi t system behaviour. 

The factors affect ing t he inductive influence of multiconductor t ransmission line are 
difficult to understand due to the complexity of the interact ions between the conductors 
and the earth. Although a mechanistic approach may be used to construct the response 
of a mu lt icond uctor line from that of a single conductor above the earth, it provides little 
insight into the dominant system characteristics. The reason for this is the complex.ity 
of existing mat hemat ical models of a conductor above the earth (Chapter 3). Rigorous 
mathematical descriptions of this system yield integral equations which call only he 
evaluated numerically, obscuring the system behaviour. The use of approximate models, 
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such as the Complex Penetration Model, tends to hinder comprehension rather than 
aid it through the introduction of the mathematical artifice of complex dimensions, 
The experimental approach, although tlot assured of success, offers a more direct path 
to understanding the inductive influence of multiconductor lines and has therefore been 
used in this project. 

It is impractical to conduct sufficient experiments on actual t ransmission lines to 
determine t he system characteristics, hence numerical experiments on computer models 
were performed. The results of these experiments, designed to determine the sensitivity 
of the inductive influence to line geometry, frequency, earth resistivity and current flow 
variations, are reported in Chapters 4 and 5. The use of shielding conductors and 
alternative line geometries as a means of reducing the inductive influence were then 
considered (Chapter 6). 

Attempts were then made to explain the experimental observat ions, resulting in 
the development of the earth return models presented in Chapter 4. In this thesis the 
models are repo rted before the work from which they originated as this simplifies t he 
explanations for the observed multiconductor inductive influence effect s. The models 
were also used to derive new measures of the inductive influence, described in Chapter 
7, wldch may be used to specify and police harmonic limitation levels . 

The other project aims have been achieved in a simple, direct manner. Chapter 
2 contains a review of existing modelling techniques thereby satisfying the first aim, 
while Chapters '8 and 9 describe a study of the inductive influence of the New Z.ealand 
High Voltage Direct Current Transmission system designed to confirm the validity of 
the computer models. 

1.5 Publications Associat ed with this Research Project 

The following papers have been published during the course of this research project. 

[Cameron et al. 1989J 
Cameron, G., Arrillaga, J., Gleadow, J. and McKenzie, N. "Estimation of Equiv
ale nt Disturbing Currents in the Cook Strait HVDC Transmission System,", In 
Symposium of Specialists in Electric Operational and Expansion Planning, Sao 
Paulo - Brazil, August. 

[Cameron and Badger 1990J 
Cameron, G.R. and Badger, P.S. "Physical Interpretation of Inductive Interfer
ence of Power Systems on Communicat ions Circuits,", In Proceedings of Annual 
Conference, Wellington, New Zealand, February 12-17, pp. 241- 252. 

[Cameron et ai. 1990) 
Ca.me.ron, C.R., Acha, E. and Arrillaga, J . "An Efficient Algorithm for the Cal
culation of Harmonic lnterference from Long Transmission Lines," Journal of 
Electrical and Elect1'Onics Engineering, Australia, Vol. 10, No.2, June, pp . 73-82. 

[Cameron and Badger 1991a] 
Cameron, G.R. and Badger, P.S. ~~Physical Interpretation of Inductive Interfer
ence of Power Systems on Communications Circuits," International Journal of 
Electrical Powe1' and Energy SY8tems, Vol. 13, No.3, June, pp. 153- 159. 

[Cameron and Dodger 1991bj 
Cameron, G.R. and Bodger, P.S. "New Measures for Assessing the Inductive 
lnfluence of Multiconductor Transmission Lines," P1'Oceedings of the Institutt«Jof 
Elect1'ical Engineers, Part C, Vol. 138, No.4, July, pp. 358- 364. 
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CHAPTER 2 

AN OVERVIEW OF INDUCTIVE CO-ORDINATION STUDIES 

2 .1 Introduction 

Since the introduction of electricity distribution systems there have been problems 
of interference to cOllllllunication services (Klewe, 1958, chapter 1). This interference 
results from unwanted coupling between the systems due to t heir close physical spacing. 
As these systems are designed to service the same geographical areas and are frequently 
forced to share the same right of way, it is not always possible to provide the desired 
separation between the networks and therefore some coupling must be tolerated. 

Interference may also occur due to current flow in high voltage transmission lines 
(Syman and Hore, 1981). These lines do not generally share right of ways with commu
nication cables, however due to the presence of larger currents in these lines interference 
can occur to communication services in the regions they traverse. 

To minimise the resultant interference to cOllllllunication services attention must be 
paid to the location, design, const ruction, operation and maintenance of the communi
cat ion and power systems. Procedures which address these issues, known collectively as 
inductive co-ordination measures (IEEE, 1984), are the principal means of preventing 
inductive interference to communication services. 

Depending on the severity and extent of the interference, the most economical 
solution to inductive influence proble.ms may be : 

• to reduce the inductive influence of the transmission line, 

• to decrease the coupling between the systems, 

• to lower the susceptibility of the communications network to interference, 

• a combination of these measures. 

As the best time to plan these protection measures is during t he design of the networks, 
there is a need for accurate analysis techniques to qnantify the severity of interference 
to telecommunication services due to current flow in transmission lines . 

In this chapter a procedure for determining the noise voltage in a telecommunica
tions circuit due to current flow in an adjacent power system is described. To evaluate 
the in terfering voltage it is necessary to determine the voltages and currents in hoth the 
power and communication sys tems and the electromagnetic fie.lds linking the systems. 
Therefo re the procedure for determining thE'. resultant noise voltage must incorporate 
algorithms for power system analysis, electromagnetic field calculation in the presence 
of the earth and communication system analysis. T he simplify ing assumpt ions upon 
which the procedure is based and algorithms suitable for inclusion in the procedure are 
the subject of the following subsections . This discussion has been written to demon
strate how existing algorithms may be combined to satisfy the first aim of this project, 
that of developing a model which accurately predicts the inductive influence of tra.ns
mission lines. It has also been written to indicate how the work reported in this thesis 
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contributes to the study of the problem of predicting induced noise voltages in com
munication systems, and to discuss in general terms the simplifying assumptions upon 
which the algorithms used during this research project are based. Detailed descriptions 
of the techniques used are contained in latter chapters . 

The chapter opens in Sect ion 2.2 with a. discllssion of how algorithms for power 
system analysis, electromagnetic field c.alculation and communication system analysis 
may be combined in a sequential procedure for predict ing induced noise voltages. 

Methods for determining the state of a power system are discussed in Section 2.3. 
Direct measurement techniques and simulation methods are presented' and the algo
rithmic approach employed in this project is discussed. 

The mechanisms of coupling between power and telecommunication systems is the 
subject of Section 2.4. . 

Section 2.5 discusses the problems associated with modelling communication sys
tems and describes the simplified approach used in the course of this project for assess
ing the interfering ability of a transmission line. 

The chapter closes in Section 2.6 with a summary of the algorith ms used during 
this research project and the assumptions upon which they are based. 

2.2 Decoupling Power and Telecommunication System 
Studies 

To determine the resultant interference to a telecommunication system due to cur
rent flow in a power transmission line, it is strictly necessary to simultaneously solve 
for the state of both systems as the coupling between them is bilateral. Both the power 
and telecommunicat ion systems contribute to the electromagnet ic field in their envi
ronment and are in turn influenced by it. As a consequence the voltages and cur rents 
in these systems are not independent, but are coupled via the electromagnetic field, as 
shown in Figure 2.1. 

However, due to the physical separation between the power and communications 
systems, the currents and charges induced in the communications systems do not usu
aJly affect the currents and charges in the power system, and the energy coupled from 
one system to another is generally small in relation to that remaining within the system. 
The coupling is therefore considered to be weak (Olsen and Jaffa, 1984). Although the 
coupling is weak the large difference between the signal energies within each system 
(see Figure 2.1 ) means that power system signals weakly coupled into a communications 
system may still engulf the desired signal. COllllllunication signals have an insignifi
cant effect on power system operation however. Therefore as a first approximation the 
energy flow or coupling may be considered to bE' unilateral, from the power system to 
the commnnications network as shown in Figure 2.2. 

Although Figure 2.2 indicates the effective coupling between the power and tele
communication systems from a noise interference perspective, it does not show the true 
relationship between the systems and the fields about them . Both systems contribute 
to, perturb, and are in turn influenced by the electromagnetic field . The presence of a 
communications cable will result in a s ignificant distortion of the elec tromagnet ic field 
induced by t he line in the vidnity of the cable, from that which existed before the 
cable was installed. However it is unlikely to distort the field greatly in the vidnity of 
the power line under normal operating conditions. As a consequence the currents and 
charges on trans mission lines are not usually disturbed by the presence of a cable . 

There are two ways in which a telecommunications cable may alter the electromag
netic field, by dis torting either the electric component and/or the magnetic component 
of the fidd (the elec tric and magnetic field effects are related by Maxwell's equations, 
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POWER SYSTEM TRANSMISSION LINES 
Currents of order 10+".1 to 10+;) amperes 

Voltages of order 10+2 to 10+6 volts 
Power levels of order 10+4 to 1O+9 watts 

ELECTROMAGNETIC FIELD 

TELECOMMUN ICATION SYSTEM CA BLES 
Currents of order 10 -.j to 10 amperes 

Voltages of order 10+0 to lO- ' volts 
Power levels of order 10-3 to lO- Swatts 

Figure 2.1. Electromagnetic. Relationship between Power Lines and Communication Cables 
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ELECTROMAGNETIC FIELD 

ITELECOMMUNICATION SYSTEM CABLESI 

Figur e 2 .2 . Unilateral Coupling Approximat.ion 
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however at low frequencies the effects may be considered separately Sect ion 2.4). A 
telecommunications cable, due to t he high conductivity of the wire inside it, will signif
icantly distort the electric field in its immediate vicinity. The magnetic field will only 
be distorted if currents comparahle in magnitude to t hose in the transmission line are 
induced to flow in t hem. 

Regardless of whether t he power system is effected of not, it should be noted that 
elect romagnetic field at the cable site will be perturbed by the presence of the cable. 
Therefore the electromotive force causing interference to the cable is not equal to that 
which existed at the site of t he cable prior to the installation of t he cable. 

When the coupli ng between the power system and communication systems is weak, 
the power system may be solved independently by ignoring t he effect of t he telecom
munication network. Once the state of the power system has been determined, the 
electromagnetic field induced by the transmission line at t he site and in the presence of 
the cable can be calculated . T he resultant interference to communicat ion services can 
be derived from this. Thus the simuitanemls solution of t he systems may be reduced to 
the sequential solution of each network shown in Figure 2.3 , result ing in a considerable 
saving of computat ional effort . 

T he weak coupling assumpt ion is generally valid fo r steady state noise indnction 
studies, however it may not be valid fo r fault studies or coupling to aerial c.onductors. 
Steady state noise currents induced in buried telecommunication cables are generally 
small as power and telecommunication companies ende.avour to separate the systems 
as much as possible. Therefore t he magnetic field and transmission li ne current are 
not significantly affected . Also) buried cables do not influence the electric field above 
ground at harmonic interference frequencies as the surface of t~e earth is effec.tively a. 
zero potential plane, and hence the capacit ance of the transmission line is unchanged. 
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Determine the disturbing voltages and currents in the power system 

~ 
Determine the coupling to the telecommunication system 

[Determine the resultant interference to the telecommunication system I 

Figure 2.3. Procedlue for Determining the Induced Noise Voltages 

Consequently the weak coupling assumption is valid for steady state noise induction to 
buried cables. The assumption may not be valid for fault studies as earth potential rise 
or dielectric breakdown can result in strong coupling. As a consequence large currents 
can be induced in telecommunication cable sheaths or in the cables themselves, affecting 
the voltage and current distribution on the transmission line. Aerial telecommunication 
c.ond uctors may also experience strong coupling by virtue of their proximity to the 
transmission line, affecting the charge distribution on the line. In such cases the power 
and telecommunication system studies can not be decoupled. 

Buried polyethylene sheathed cable is the dominant media used for subscriber retic
(dation in the New Zealand telecommunication system. Consequently under normal op
erating conditions the weak toilpling assumption is valid. During this research project 
it has been assullled that the coupling between the systems is weak, and therefore 
the power and communication systems are solved independently using the sequential 
procedure shown in Figure 2.3. 

2.3 Power System State Determination 

To de-termine the noise voltages induced in a telecommunication system it is first 
necessary to determine the interfering voltages and currents in the power system. Two 
approaches exist for determining the state of a power system. Either the voltages and 
currents can be measured directly or the power system can be simulated. In this section 
measurement and simulation methods for determining the state of a power system are 
discussed. 

2.3.1 Measurement of Power System State 

The best way to determine the state of the power system is to measure it. However 
perfo rming measurements on a power system is not a simple task due to the dynamic 
nature and complexity of the network, the range of frequencies that must be considered, 
the difficulty of conducting experiments on high power systems and the volume of data 
that must be processed. 

A power system is never in a truly steady state as loading and generation vary 
continuously. As a consequence, the system frequency and waveform distortion change 
continuously. Therefore the spectra of the power system signals is not constant and 
multiple measurements made at different locations in the system must he taken in 
synchronism . Also, as human beings are diurnal, overall system loading and generation 
change greatly throughout the day. Consequently it is necessary to take measurements 
itt a variety of times throughout the day as the system damping changes. 

To determine the state of the entire power system it is necessary to measure the 
voltage or current on all phases at all busbars for all frequencies of interest. The power 
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system may be significantly unbalanced at high frequencies (Densem et at" 1984) ne· 
cessitat ing t he measurement of t he parameters on all phases. Due to the large electrical 
dimensions of power systems at high frequencies , many observations must be made to 
ensure that no resonant effects in the system are missed. Also as a resonance could 
occur at any frequency, meaS\lrements must be taken over a wide range of frequencies. 

One of the major difficulties associated with performing measurements on a power 
system is obtaining suitable transducers and instrumentation. Existing transducers 
are designed to work at the fundamental frequency only and often have an unsuitable 
frequency respo nse (Arril1aga et al., 1985, chapter 7). Multichannel spectrum anal· 
ysers are required to p rocess t he signals on all phases simultaneously. While digital 
instrulUE:nts based on t he Fast Fourier Transformation algorithm are suitable for this 
task (Arrillaga et al., 1985, chapter 6), such instruments are expensive precluding their 
widespread use, 

Assuming that it is practical to measure the state of the power system, the problem 
of sto ring and analysing t he data still remains. These tas ks are difficult to perform 
due to the high volume of data involved. In practise it is necessary to perform data 
reduction by time averaging or the use of transformat ions to extract only the data of 
interest prior to storage. However, care must be taken to ensure that important trends 
are not masked during the reduction process . Time averaging conceals the distribution 
of the variable of interest, which is necessary to determine the probability distribution 
of the resultant induct ive interference. Other compression techniques involve the lise 
of transformations to express t he interfering ability of t he power system by a single 
number. The most commonly used transformation of this type is the Equivalent Di8~ 
turbing Current (CCITT, 1989a), which is defined as the 800 Hz current t hat will result 
in the same annoyance to a subscriber as t he full spectrum of currents that actually 
exist on the line. Instruments know n as P8ophomete1's have been developed to calculate 
the equivalent disturbing curren t directly from the distorted power system waveforms, 
However the equivalent disturbing current may not provide a realistic appraisal of the 
interfering ability of the power system as it is calculated from the zero sequence Cllfrent 
on the transmission line. The cont ribution from other sequences and t he influence of 
conductor geometry and earth resistivity on the interfering ability are ignored. 

Given the present lack of suitable transducers in the power system, the high cost 
of instrumentation, the enormity of t he task of conducting simultaneous measurements 
and the difficulty of processing t he information; it is not practical to perform continuous 
real time monitoring of the spectra of an entire power system at present, Modern 
measurements are generally limited to the investigation of localised signal levels and 
studies of small systems using simplified data processing techniques based upon the 
Equivalent Disturbing Current measure. 

2.3.2 Simulation of Power Syst em Sta t e 

An alternative to performing measurements on a power system is to simulate it. 
The principal advantages of simulation over direct measurement are that simulation 
studies can be quicker , easier and cheaper to perform, and that t he system can be 
modified to investigate future configurations. 

Although simulator studies are eas ier to perform than experimental investigations, 
the problem of processing and interpreting t he data stiU remains. A great many simula. 
tions must be performed to investigate all operating conditions and the results combitled 
to determine t he quantities of interest. Consequently great care lllust be taken (luring a 
simulation study to define the parameters of interest and the data processing methods 
used, to avoid masking features of interest and wasting resources. 

[n the past, special purpose analogue computers have been used fo r power system 
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studies. These devices represent system components by scaled down models . The main 
disadvantage of analogue simulators is the large number of components required to rep
resent the system in detail and hence the high cost of the simulator. Digital computers 
have now largely supplanted analogue simulators due to their low cost, high speed and 
greater flexibi lity. Mathematical models are used to represent system components in 
digital studies, therefore the system component models aTe not constrained to be physi
cally realisable, as in the case of analogue simulation , and large numbers of components 
can be represented at low cos t. 

The accuracy of all simulator studies is limited by the accuracy of the models used 
to represent the components and the validity of the data inserted into the models. Mea· 
surements of system parameters are required for insertion in the models and therefore 
the overall simulation accuracy is limited by the accuracy of these measurements. It is 
not always practical to represent every system component in a simulator study. Conse
quently system reduction and approximation methods must be used to derive equivalent 
circuits representing parts of the power system (Watson and Arrillaga, 1987). 

It is not the intention of this thesis to provide a detailed discussion of all methods for 
predicting the state of a power system. However the discussion that follows has been 
provided to indicate to the reader the difficulties involved when simulating a power 
system, with particular reference to those algorithms in use at present. 

There are two general classes of simulation used for interference studies. These may 
he classified as' Tillie domain or H-equeucy domain studies and may be performed on 
either analog;ue or digital simulators. 

2.3.2.1 Time Domain Simulation 

A time domain simulation is a simulation in which the power system time wave· 
form is calculated. The resultant spectra is then determined by performing a Fourier 
transformation of the time waveform. Time domain simulations are particularly useful 
for simulating systems containing t ime dependent elements such as high voltage direct 
current convertors (Arrillaga et at., 1987). 

The main disadvantages of t ime domain simulations are the difficulty of selecting 
suitable initial conditions, the time required for the simulator to attain a meaningful so
lution, and the difficulty of representing the frequency dependence of the system (Wat
son and Arrillaga, 1987). If improper initial conditions are used then along simulation 
must be performed before the waveform reaches a steady state. The time constants of 
power system components vary enormously, therefore long duration studies with small 
tillle steps are required to determine the steady state waveform. Consequently time 
domain simulations tend to be inefficient . 

2.3.2.2 Frequency Domain Simulation 

Frequency domain simulat ions are based upon the assumption that the power sys
tem is in a periodic steady state, with a period equal to that of the supply. The power 
system wiU then contain frequency components equal to that of the supply frequency 
and possibly its harmonics. Harmonics are generated by non-linear elements in the 
power system. If the lIon-linearities are t ime invariant and under periodic excitation 
then the output will contain only harmonics of the excitation period. In practice a 
power system is never in a truly periodic steady state as loading and generat ion are 
time variant. However the rate at which these quantities vary is low in general, therefore 
as a first approximation the power system llIay be considered to be in a periodic steady 
state .. This assumption simplifies the analysis of the system as the network sta.te can be 
represented by a discrete set of harmonic voltage or current phasors at each busbar in 
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the system, rat her than considering a continuous spectrum of time dependent voltages 
and currents . 

Many frequency domain simulation techniques exist for determining the harmonic 
distortion in a power system . In the following sub-sections Harmonic Penetration, 
Har7110tlic Power Plow, and the Harmonic Space Representation are considered. 

2.3.2.2.1 Harmonic Penetration 

H annonic penetration studies assume that the system can be represented by a linear 
passive network , with the harmonic sources represented as fixed injections (Arrillaga et 
at., 198.s, chapter 9). The network can then be expressed at each harmonic frequency 
as a linear system of equations relating the current injections a·nd voltages at aU nodes. 
Each system of equations is solved independently and the results combined to yield the 
distorted voltage and current waveforms throughout the system. 

Harmonic penetration studies are best suited to the study of the propagat ion of 
harmonic signals within linear sub-systems, such as on t ransmiss ion lines, as non-linear 
components can only be represented by fixed injections. However it is possible to study 
the interaction of non-linear elements with the power system using an iterative scheme 
which includes the harmonic penetration algorithm . The procedure is known as the 
Itemtive Harmonic Analysis (IRA) algorithm (Arrillaga et at., 1987), and proceeds as 
follows: 

1. Initialise the harmonic current injection vector representing the non-linear har
monic source. The fundamental current injection into the network is calculated 
from Power-Flow data . All other harmonic injections are set to zero. 

2. Using the Harmo ni c Penetration algorithm, determine the voltage waveform at 
the busbar to which the non-linearity is connected when the harmonic current 
vector is injected into the power system . 

3. Apply the voltage waveform due to the curre.nt injer.tions to the non-linear device 
and determine the resulting current waveform from knowledge of the type of 
non-linearity. 

4. Update the harmonic current injection vector by performing a Fourier Transfor
mation of the current waveform . 

.s. If the harmonic cu rrent injection vector has converged t hen go to step 6, otherwise 
repeat from step 2. 

6. Use the Harmonic Penetrat ion algorithm and the converged vector of injection 
currents to determine the harmonic voltages throughou t the entire network. 

The IHA algorithm em ploys time domain analysis methods to determine the re
sponse of the non-linear device to the applied volt age and therefore any deterministic 
non-linearity can be analysed using this approach. It is more efficient than purely time 
domain studies however (Arrillaga et at., 1987), as only the non-linearity is represented 
in the time domain. The IRA algorithm is strir.tly a frequency domain method as the 
system is constrained to be in a periodic steady state. 

To date the IHA algori thm has been successfully applied to the problem of deter
mining the harmonics produced by high voltage direct Cllfrent convertor plant (Eggle
ston, 1985; Arrillaga et at., 1987). However problems have been experienced due to 
non- convergence of the algorithm. The interpretation of the results in sllch cases is 
under study at present. 
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2.3.2.2.2 Harmonic Power Flow 

Harmonic power flow is an extension of fundamental frequency power flow which 
includes harmonic voltage magnitudes and angles in the state vector. This formulation 
makes it possible to represent inter-harmonic coupling effects, enabling non-linear loads 
to be included in the power flow. Harmonic power flows are used to calcnlate bus bar 
voltages, branch currents and total distortion volt-amperes in addition to real and 
reactive power flows at harmonic frequencies. Two schemes have been proposed for 
modifying the power flow algorithm to include harmonics. 

In the first scheme the Newton- Raphson algorithm has been adapted to include 
harlllonics (Xia and Heydt, 1982). The formulation employs harmonic current and 
appa.rent volt-am pere balance equations in addition to real and reactive power balance 
to formulate the Jacob ian matrix. The In.ismatch vector contains active and reactive 
power mismatches and current mismatches at all harmonic frequencies. The vector of 
unknown variables (state vector) cantrullS the harmonic voltage magnitudes and angles. 
Additional variables, specifying the internal state of the non-linear loads, are included in 
the system state vector . Models for DC convertors, gaseous discharge lamps, iron cored 
transformers, rotating machines and transmission lines have been included in the basic 
algorithm (Tamby and John, 1988). The principal disadvantages of this method are 
the large and complicated J acobian matrix which results and the difficulty in selecting 
appropriate initial conditions (Lo and Goh, 1986). To simplify the Jacobian matrix 
an alternative method has been proposed in which state variables for the non-linear 
loads are omit ted from the power-flow state vector. The current injections from the 
non-linear loads are assumed to be constant during the power-flow iterat ion (Lo and 
Goh, 1986). At the end of each power-flow iteration the state variables fo r t he non
linear loads are updated and the new current injections determined. The entire process 
is repeated until convergence is reached. 

A simpler algorithm has recently been de veloped which is based upon a combination 
of fundamental frequency power-fiow and the iterative harmonic analysis algorithm 
(Tamby and John, 1988; ArriUaga and Callaghan, 1989). The algorithm utilises t he 
distorted voltages at the non-linear bus bars, and knowledge of the type of non-linearity 
to calculate the injected currents and powers. A power fiow algorithm is t hen used 
to update the fundamental frequency voltages, and the system impedance matrices 
are used to update the harmonic voltages. The process is then repeated until the 
voltages converge. This procedure is more efficient than t he modified Newton-Raphson 
algorithm as the harmonic equations can be considered separately and therefore t he 
matrix equations are sma.ller . 

2.3.2.2.3 Harmonic Space Representation 

tn the harmonic space representation, t he system state is represented by a single 
vecto r of nodal volt age or current injection phasors containing data for all harmonics 
and all busbars in the system (Eggleston, 1985). Using nodal analysis lliethods, an ad
mittance matrix relating t he voltage and current vectors can be formed. The harmonic 
space representation may be viewed as the combination of the independent systems of 
equations for each harmonic of the harmonic penetration algorithm into a single matrix 
equation. 

The harmonic space representation is necessary to model devices in which there is 
coupling between harmonics, and is therefore well suited to the task of representing 
non-linear elements. Some classes of non-linearity may be linearised around a base 
operating point and expressed as a Norton source in the harmonic space. To date 
models fo r synchronous generators (Semlyen et at., 1985), ACjDC convertors (Mizuma 
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et al., 1985), and magnetic non-unearitles (Semlyen ct al., 1987) have been expressed 
in the harmonic space. Linear elements are. modelled as simple admittances with no 
coupling between harmonics. Thus an entire power system can be represented in the 
harmonic space and the non-linearities solved using a Newton-type iterative algorithm 
(Acha, 1988). 

While the harmonic space. representation is necessary to study effects due to inter
harmonic coupling, it is not an efficient method for studying the propagation of har
monic signals in power systems. The main reason for this inefficiency is that trans· 
mission systems consist mainly of linear passive elements, such as transmission lines. 
Therefore there will be little inter-harmonic coupling, the admittance matrix describ
ing the system ill harmonic space will be sparse and the resulting algorithm will he 
inefficient unless the spars ity can be exploited. 

A modified representation in which the system is torn into linear and nonlinear 
subsystems and the networks solved alternately until convergence is reached would 
improve solution efficiency (Acha, 1988). Only the nonlinear subsystems would need to 
be represented in the full harmonic space. The linear subsystems could he represented 
by an admittance matrix for each frequency of interest. 

2. 3.2.3 Summary 

The principal difficulty in determining the distorted waveforms throughout a power 
system is calculating the contribution clue to the non-linear elements. It is fo r this 
reason alone that new power system analysis algorithms are being developed. Un
fortunately these algorithms tend to be inefficient as the power system must either be 
simulated in the time domain or an iterative frequency domain algorithm must be used. 
Given the large size of modern power systems it seems likely that new algorithms in 
which the linear and non-linear parts of the power system are analysed alternately in 
an iterative scheme will be used, as has been proposed for the Harmonic Power Flow 
and Harmonic Space algorithms. 

It is apparent from the discussion presented above that there is a great variety of 
power system analysis techniques. Many of these algorithms are still under development 
and therefore it is inappropriate at this time to select a particular algo rithm for inclusion 
in the procedure for predicting the noise voltages induced in a telecollllllunication cahle. 
It is likely that different analysis techniqnes will be required for different types of non
linearity and therefore the solution to the problem of determining distorted signals 
in a power system may well incorporate features of many algorithms cu rrently under 
development. 

2.3.3 P ower System Stat e D et ermination M ethods Used during t his 
Project 

Inductive coupling to communication cables may occur along the entire length of a 
transmission line; it is not usually confined to the vicinity of the terminals. However 
existing measuremen.t systems and simulation algorithms are designed to provide bus
bar information only. While it is possible to install addit ional transducers and create 
fictitious bushars to obtain the required informatioIl, such an approach is inefficient 
when the induct ive influence profile along the line is required . A more efficient ap
proach, which is the one used during this project, is to break the power system state 
determination into two stages. In the first stage the btlsbar conditions are determined, 
the disturbing signal profile along a transmission line is then derived from the terminal 
condit ions in the second stage. 



16 CHAPTER 2. INDUCTIVE CO-ORmNATiON STUDIES 

The emphasis during this research project has been placed on the development of a 
model for predicting t he inductive influence of transmission lines. Sources of disturbing 
signals within the power system are not considered . Therefore power system modelling 
has been limited to the second stage, that of determining the disturbing voltage and 
current profiles from the terminal conditions. It has been assumed that the busbar 
state may be obtain~d using existing monitoring systems or simulation techniques. 

To calculate the current and voltage profiles it is only necessary to model the trans
mission lines in detail, the rest of the system being represented by a fixed injection. 
Although transmission lines exhibit non-linear effects, such as corona discharges and 
magnetic saturation, they can be accurately modelled as linear networks (see Chapters 
:3 and 8). Each frequency of interest may then be considered independently. While the 
transmission line may be analysed at any frequency, it was assumed that the system 
was in a periodic steady state and therefore only harmonic frequencies were considered. 
Details of the transmiss ion line models are contained in Chapters 3 and 8. Chapter 
8 also describes the circuit analysis technique used, which exploits the simple linear 
topology of transmission lines to improve the efficiency of solution. 

To satisfy the third aim of this project, that of verifying the model accuracy, it 
was necessary to perfo rm measurements of the transmission line currents and compare 
these with the currents calculated using the model and measured busbar voltages. 
Details of the equipment used, experimental method, da.ta processing techniques and a 
.comparison of the results with coinputer simulations is presented in Chapter 9. 

New measures of the inductive influence of transmission lines are described in Chap
ter 7. Although not directly related to the problem of determining power system state, 
they may replace the Equivalent Disturbing Current measure as an efficient means fo r 
ex pressing the interfering ability of power systems. 

2.4 Power-Communication Coupling Determination 

The second step of an inductive co-ordination study is the determination of the 
interfering fields in the vicinity of the telecommunication cable. 

2 .4 .1 Mecha nism s of Coupling 

The electric and magnetic fields induced by a transmission line are related by 
Maxwell's equations. However as wave propagation along the line may be approxi
mated by a Quasi-Transverse Electromagnetic (Quasi-TEM) wave if the losses within 
the. earth are small (see Section 3.3.3 and (Perz and Raghuveer, 1974a; Pen and Raghu
veer, 1974b )), quasi-static field approximations may be used. The transverse electric 
and magnetic fields are then considered to be identical in form to stat ic fields t hat 
satisfy the boundary conditions (Ramo ct al., 1984, chapters I and 2). It is instructive 
to lise the quasi-static field approximation when describing mechanisms of coupling as 
the electric and magnet ic fields may be considered independently. The electric field 
can be calculated from the potential of the line, while the magnetic field may be deter
mined from the current (Chapter 3). The coupling mechanisms may then be decoupled 
and dassified as being either conductive, electric or magnetic in origin (Klewe, 1958, 
chapter 2), depending on whether the interference is due to a shared conduction path , 
the potential of t he line or the alternating current. 

Each of these coupling mechanisms, their contribution to telecommunication in
terference and the coupling mechanisms considered during this research project are 
discussed in the sections that follow. As the mechanisms are described from a quasi
static view point it should be emphasised that these descriptions. are a simplification of 
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Induced Circuit 

V;llduced = ZCOllUIlOIl [iuducing 
• 

Zcommou 

t [inducing Inducing Circuit 

- -

Where 

V;nduced = voltage in the induced circuit (V) 
Zeollunon = impedance of the cOlllmon conduction path (0) 
[inducing = current in inducing circuit (A) 

F igu re 2.4 . Mecha.nism of Conductive Coupling 
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the adual situation. In reality the earth is lossy, therefore the electromagnetic field is 
distorted and differs from that determined using static concepts (see Chapter 3). The 
induced voltages are also dependent on circuit loading as the interfering signal has a 
finite source impedance. However in the descriptions that follow circuit loading effects 
have been neglected for clarity. 

2.4.1.1 Conduct ive C oupling 

Interference occurs due to conductive coupling when two circuits share the same 
conduct ion path as shown in Figure 2.4. A change in t he current in one circuit will 
then induce a change in potential in the second circuit. Modem telecommunication 
systems do not usually share conductors with power circuits, except in the special case 
of telecommunication earthing systems which are usually directly bonded to power 
system electrodes or coupled via the earth. H,owever during fault conditions on the 
power system direct contact with communication cables, dielectric breakdown or earth 
potential rise can result in conductive coupling. Conductive coupling does not produce 
significant noise voltages in well designed and maintained telecommu nication systems 
under normal operating conditions. 

2.4.1. 2 E lect ric C oupling 

A high voltage transmission line generates an electric field in the vicinity of the 
conductors which can interfere with other electrical systems. The field may induce an 
alternating voltage and current in neighbonring conductors, as indicated in Figure 2.5. 
As the induced current is proportional to the rate of change of conductor potential this 
effect is modelled by a mutual capacitance as shown in Figure 2.5. 

The electric field induced by a transmission line is usnally most intense in the 
immediate vicinity of t he conductors, therefore coupling via the electric field may be 
minimised by maximising the spacing between cables and transmission Unes. The 
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Inducing Conductor 

Induced Conductor 
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Where 

J = the pure imaginary (R) 
w = angular frequency (rad.s- 1 ) 

\!inducing = voltage of the inducing conductor (V) 
Cmutual = mutual capacitance betwee.n conductors (F) 
Cself = self c.apacitance of the conductor to earth (F) 

E = electric field vector (V .m- I ) 

Figu re 2.t> . Mecha.nism of Electric Field Coupling 
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Villduced = [jllducillgZmutual 

Where 

Zmutual -=;: lllu tual impeda.nce between conductors (n) 
Ii -=;: magnetic field intensity (A.Ill - I ) 

F igure 2.6. Mechanism of Magnetic Field Coupling 

intensity of the electric fie ld is also proportional to the conductor voltage, therefore 
interference may be reduced by limiting interfering voltage levels on transmission lines. 
Earthing the induced conductor via a low impedance (<t:: (' t ) at one or more 

JW ~ lllutual 
points reduces the inter fering voltage, howeve.r interference currents will then flow along 
the conductor to ground wlLich mayor lllay not be desirable. 

An alternative method for protecting communication cables is to shiel<] them by 
surro\lllding the cable with a grounded conductor. The conductivity of the earth is 
sufficiently high for it to act as an electric field shield . Therefore electric field cotlpling 
to buried telecommunication cables is insignificant. 

2 .4.1.3 Magnetic Coupling 

Current flow in a transmission line generates a magnetic field which may induce 
unwanted signals in neighbouring electrical systems as shown in Figure 2.6. If the flux 
links a telecoinmunicat ion circuit then a voltage will be induced in that c.ircuit which is 
proportional to the rate of change of flux. Magnetic coupling is modelled as a mutual 
impedance between the systems. Intuit ively one would expect the lllutual impedance 
to be purely induct ive as the induced voltage is proportional to the rate of change 
of current , however the currents within the earth are not in phase with those in the 
conductors result ing in a resistive component of the mutual impedance. 

The magnetic field generated by a transmission line is generally largest in the im
mediate vicinity of t he conductors. Therefore magnetic. coupling may be minimise<\ by 
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insnring that there are large spacings between communicat ion and power lines. The 
Rux induced hy a conductor is also directly proport ional to the current producing it, 
therefore interference call be reduced by minimising the disturbing currents on the line. 

An alternat ive method for reducing the flux in the vicinity of t he cable is to install 
a shielding conducto r near the cable or on the transmission line. Unfort unately, the 
resistivity of the earth is too high to act as an effective shield, and therefore buried 
tt:'ieCOttllUUnicat ioll cables are sllsceptible to magnetic induction. 

2.4.1.4 Dominant Power-Communica tion Coupling Mechanis m 

In a well designed telecommunication system in which the dominant form of sub· 
scriber reticulation is bur ied cable, such as the Telecom New Zealand system, the 
principal mechanism of power-communication coupling is by means of the magnetic 
field induced by the line. Therefore magnetic coupling is the only mechanism of power
commullication coupling considered during this research project . 

Electric field coupling must be considered when studying coupling to ae rial telecom
munication cables, while conductive coupling should be considered during fault studies. 
Both of these topics are beyond the scope of this project however. 

2.4 .2 Measurement of the Magnetic C oupling Fields 

Direct measurement of the fields induced by a t ransmission line is the best way to 
assess the interfering ability. However measurements of the average inductive influence 
of a Line are difficult to perform. 

The problems faced by an expe rimenter conducting measurements of the electro
magnetic field are similar to those faced when measuring t he transmission line currents 
and voltages (Sect ion 2.3.1) . Due to the wide variation of the fields with distance along 
the line and time, it is necessary to conduct many measurements to obtain a true aver
age. Also instrumentation suitable for performing these measurements is expensive and 
difllcult to obtain. Care must be taken to ensure that the readings are not disturbed 
hy other electromagnetic sources or irregularities in the local environment. Suitable as
sessment methods must be used to quantify the interfering ability of the line to ensure 
that important trends are not masked. 

Despite these difficulties measurements of the ind uctive influence are regularly per
formed by telecommunicat ion autho rities (Syman and Hore, 1981). A simplified pro
cedure is normally used, in which the psophometrically weighted noise voltage induced 
in a. test cable laid near the line is measured. This method has the advantage that it 
directly measures the resultant equivalent disturbing voltage induced in a cable at that 
par ticular position, however the results are highly dependent on the cable posit ion and 
(OBstruction. Consequently such measurements may not provide an accurate measure 
of the disturbing ability of the line. 

2.4.3 Ca lculation of the M agnetic Coupling Fields 

Given the high cost of performing experiments and t he low cost of digital computers, 
it is frequently more economic to calcu1ate the elect romagnetic fields than to measure 
them. However the calculated fie1ds will on1y be as accurate as the mathematical model 
of the transmil;sion line above the earth . 

A transmission line located above the earth is a difficult system to model due to 
the irregular st ructure of the earth, the non-Line.ar behaviour of the materials and the 
geometry of a transmission line. The actual situation can not be represented exactly, 
however due to the great engineering impor tance of wave propagation along conductors 

, 
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above the earth , considerable effort has been expended on developing mathematic.al 
models of idealised systems. Sophisticated models are now a.vail able, however they 
employ signific.ant simplifications which may effect the accuracy of predictions. 

The resultant inductive coupling determined using these models can not be ex
pressed as a simple explicit relationship in many cases. Rigorolls models of the fields 
arollnd a transmission line require the evaluation of oscillatory integrals over an infinite 
range (Wait, 1972j Wedepohl and Efthymiadis, 1978). These integrals can not be solved 
symbolically in general , masking many of the properties of the coupling field by the 
complexity of t he mathematics. However with the development of high speed comput
ers and improved numerical methods, it is now practical to investigate the mechanism 
of induc_tive conpling through the numerical evaluation of the inductive field . 

The accuracy of the field predictions made using these models is limited not only 
by the assumptions made during the derivation, but also by the validity of the data 
inserted into the models . Given the wide variation of the electrical characteristics of 
the earth with posit ion and time, it is nec.essary to measure the parameters at the point 
of interest when comparing field measurements and compu ter predictions. 

2.4.4 Magnetic Coupling Determination Methods Used in this 
Project 

Both experimental and computational methods have been used during this research 
program to determine the magnetic cotlpling to buried telecommunication cables. How
ever the majority of the results presented in this thesis were obtained from computer 
simulations, with the experimental results being used to establish the validity of the 
models. 

As the simulation results can only be as accurate as the mathematical models 
used, particular care has been given during this project to the selection of suitable 
models. Many models were used du ring t his project, as no single model can satisfy the 
requirements of high accuracy, simple mathemat ical form, clear physical interpretation 
and high computational effiCiency. A SU lIlmary of existing single conductor inductive 
coupling models, the simplifying ass ump tions made during their deri vation, computer 
im plementation and relative merits is presented in Chapter 3. 

Measures for quantifying the inductive influence are discussed in Chapter 4. A 
comparison of the accuracy of existing models is also given. 

Dissatisfaction with the complicated form of existing models led to the development 
of a family of models by the author t hat approximate the current distribution in the 
ground. Details of the derivation of the models are presented in Chapter 4. The 
simplest model of the family, known as t he Vert ical Inducing Loop model, is well suited 
to the task of predicting the inductive influence of multicondllctor transmission lines 
without recourse to complicated mathematics. 

The application of existing models to the task of determining the inductive influence 
of unshielded multiconductor lines is summarised in Chapter 5. It is demonstrated that 
simplified express ions based upon the Vertical Inducing Loop model accurately predict . 
the inductive influence phenomena. . 

Chapter 6 extends the summary of the inductive influence of multicond uctor lines 
to include the case of transmission lines wit h continuollsly grounded conductors . Two 
methods of reducing the inductive coupling from transmission lines are considered in 
this chapter: by lowering the internal impedance of the shielding conductor ami chang
ing the transmission line geometry. 

Field measuring experiments have been performed during the course ofthis research 
to provide non-invasive sensing of the line currents and to confirm the accuracy of the 
coupling models 11sed. Loop antennae were used to determine the line cn rrents, and a 
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test cable met hod was used to confirm the validity of the power-communication coupting 
models. Details of the equipment used, the procedures followed and the results of t hese 
experiments are reported in Chapter 9. A comparison of measured and predicted cable 
voltages is also presented in this chapter . 

A new measure of the. inductive influence of a transmission line" based upon t he 
Vertical lnducing Loop model, is descr ibed in Chapter 7. 

2.5 D etermination of the Resultant Interference to a 
Telecommunication Circuit 

Once the fields in the vicinity of the cable have been calculated, the resulta.nt inter
ference to telecommuni~ation services may be determined. In t his section the ope ration 
of telecommunication ci rcuits, the mechanism by which induced noise voltages inter
fere with the desired signal, and interference assessment and cable modelling methods 
employed during this project are described. 

2.5.1 M echanism s of N oise Voltage Induction 

Telecommunication signals an~ usually propagated as a transverse or metallic volt
age (Vsending) between a pair of conductors as indicated in Figure 2.7. The longitudinal 
voltages (\!long- a and \!long-b), which are the voltages with respect to ground, do not 
individually convey any information. The information is contained in the difference be
tween the longitudinal voltages (VtrlUlsve,."e = \!long-a - Viong-b). Induction from power 
lines into telecommunication circuits increases the longitudinal voltages . Interference 
will result if the induced voltages (Vinduced-a and \!induced- b) do not effect identical 
changes in the longitudinal voltages. 

It is not pos::;ible for two conductors to occupy exactly the same location, there
fOl'e there is always some difference between the voltages induced in each conductor 
(Villduced-a 1 \!illduced-b). This direct induction effect may be minimised by transpos
ing open aerial lines and twisting cable pairs so that each conductor occupies similar 
ave.rage positions and experiences similar average electromagnetic fields . So effective is 
this technique that direct transverse voltage induction is rarely a problem in the New 
Zealand telecommunications network at typical power-telecommunicat ion cable sepa
I'ations. Direct induct ion may be significant in imperfec tly twisted cables in very close 
proximity to t ransmission lines, such as those which arise from the joint use of poles 
(0" et ai., 1983) . 

The. principal mechanism by which an interfering voltage is produced in a telecom
Ulunications cable is by means of a process known as longitudinal to metallic convo'sion 
(Parker, Jr., 1978). Equal induced voltages in the conductors (\!induced-a = \!induced-b) 

will generate a net transverse voltage if the electrical parameters of the conductors 
forming the telecommunication circuit differ . The most common causes of t his un
balance a.re: unequal source and/or terminat ion impedances ( Zselld-a' 1 Zsend~b ); 

differing conductor series impedances (Zseries- a 1 Zseries- b); and different conductor 
::;hunt admittances to earth (Y,hlUlt-a 1:- Yshwlt-b) . These differences ari se from: vari
ation of conductor position within the cable; normal distribution of cable parameters 
and terminating equipment component values; and poor design or fault conditions (bad 
joints, leakage to earth due to the ingress of water etc. ). Furthermore these unbalances 
are frequency and position dependent, and may be time variant. 

Care is taken to ensure that the cable is well balanced by twisting the conductors, 
and by movfng the location of the twisted pairs around within the cable so t hat localised 



2.5. DETERMINATION OF THE RESULTANT INTERFERENCE 

Exchange Cable Receiver 

r-B- n 
'-" I 

Vsellding 

~ 
Vselld-b Z selld-b \!in0 d-b Zseries-b 

-
'-" 

-'--
\'Jong-b 

Where 

Vsend- a ::::: sending voltage on conductor a (V) 
Vsend - b ::::: sending voltage on conductor b (V) 
Vsending ::::: net sending end voltage (V) 
Villduced-a -::: noise voltage induced on conductor a (V) 
\!induced- b -::: noise voltage induced on conductor b (V) 
Viong-a = longitudinal voltage on conductor a (V) 
Viong-b = longitudinal voltage on conductor b (V) 
Vtra.nsvene = transverse voltage at the receiver (V) 
Vcommon = common mode (ground) voltage (V) 

_ Viollg-a+ Viong-b , 
Yshunt-a = shunt admittance of conductor a (S) 
Yshunt-b = shunt admittance of conductor b (S) 

Yshullt-a 

Yshunt-b 

Zsend_a ::::: sending end source impedance on conductor a (0) 
Z~elld_b = sending end source impedance on conductor b (0) 
Zseries- a ::::: series impedance of conductor a (0) 
Zseries-b :::: series impedance of conductor b (0) 
Ztransverse ::::: transverse impedance of the receiver (n) 

Figure 2.7. Telecommunication Signa.l Propagation 

\!transverse 

23 



24 CHAPTER 2. INDUCTIVE CO-ORDINATION STUDIES 

imbalances are ave raged out. However over any finite length of cable there are localised 
imbalances which give rise to transverse noise voltages . 

The balance of telecommunication cables is the ratio of the common (ground) mode 
voltage to the resultant transverse voltage, as defined in (2.1) It is of the order of 60 dB 
for well maintained plant (cable with no faulty pairs). This represents a 99.9% noise 
voltage rejection capability, as only 0.1 % of the common mode voltage manifests itself 
as a transverse noise voltage. 

~ I .... b I (d'b I dB) 20 I (V"nu';~n ) .ole ecamIllllIllcatlOn C!femt a ance ee! e 5, = og 
. Vtrl,l.llSverse 

(2.1 ) 

This high level of performance can only be maintained if the balance of the terminal 
equipment" exceeds that of the cable. The balance of electronic telephone exchanges 
is of the order of 50 d B. Improvements in the rejection capability of circuits with 
low eqllipment balance can be made by reducing the magnitude of the common mode 
voltage applied to the equipment and hence t he transverse voltage that results, through 
the use of noise chokes and/or drainage coils , 

2.5 ,2 Quant ify ing Telecommunications Interfer ence 

· A measure of the severity of interference to telecommunications services should 
a.ccurately quantify the degradation as perceived by the end user. Whether an induced 
noise voltage res\l1ts in unacceptable interference or not, is dependent on: 

• characteristics of the cable (propagation constant, loss and balance), 

• the. characteristics of the equipment attached to the cable (balance, sensitivity to 
high levels of in-band noise , out-of-band noise and common mode noise), 

• type of service (telephone, facsimile, modem, ISDN), 

• the characteristics of the noise source (single frequency or broadband, constant 
or time variant), 

• user expectations with regard to the quality of the service. 

A wide range of services are now provided over copper telecommunications cables. 
These services often utilise the available bandwidth in different ways, and have differi ng 
sensitivities to noise (Orr et at., 198;3). Telephony uses a 300 - 3,400 Hz bandwidth 
according to the sens itivity of the human ear. Facsimiles and modems utilise the same 
hand width but have a flatter frequency response and are sensitive to interference at the 
carrier frequencies. Integrated Services Digital Network (ISDN) signals are broadband, 
and are centred on 40,000 Hz. 

Many services call operate in the presence of noise through t he llse of adaptive 
algorithms. TeJephone users speak louder and use repetition . Electronic systems may 
negotiate haud rates and employ error detection 'and correction or retransmission to 
rectify errors due to noise. Although adaptive systems may still fUllction in the presence 
of 1I0ise, it. penalty is illcurred in the form of reduced through-put a.nd hence higher cost 
for the telecommunications user . 

Digital services without correction (voice services on ISDN) often exhibit a. non
linear sensitivity to interference. No lIoise is experienced by the user until the interfer
ence is sufficient to cause bit errors. Each error results in an audible click whose volume 
is dependent all the bit that is corrupted, but is independent of the amplitude of the 
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interfering voltage level. The frequency of bit errors increases with interfering voltage 
level however. These digital systems offer better performance than corresponding ana
logue systems as long as no bit errors oceur. Once the bit error threshold is exeeede<1 
a digital system may be more objectional from a users point of view than an analogue 
system experiencing the same interfering voltage. 

The ability of telecommunications equipment to reject noise is a function of the 
design and implementation of the device. Many modern telecommunications devices 
are mains powered. This may introduce an earth c.onnection to the device which can 
compromise the balance of the equipment and subject the line interface circuitry to 
the common mode noise in addition to the transverse noise voltage. The author has 
ex perienced problems where high levels of common mode out-of-band noise resulted 
in the generation of audible transverse noise due to overloading of the line interface 
electronics. 

End users also have widely different expectations of the quality of service. What 
const itutes severe interference for one user may be acceptable for another. 

As a consequence it is not possible to define a single measure which accu rately 
quantifies the severity of interference, as perceived by users, for all services that may 
be provided over a given copper cable pair. Ultimately it is the user's opinion whi ch de
termines whether a system is performing satisfactorily or not. Neverth·eless quantitative 
measures of interference are required to identify and prioritise interference problems. 

The International Telegraph and Telephone Consultative COlllmi ttee (CCITT) of 
the International Telecommunication Union (lTU) has defined t he follow ing transverse 
noi se voltage limi t for telephony circuits: 

Where administrations commonly use psophometric weighting for noise 
measurements, the psophometric e.m.L of the noise produced by magnetic 
and/or electrostatic induction from all power lines affecting the lines and 
trunks joining a subscriber's station to its internation al exchange should 
not exceed 1 millivolt. This value is measured at the "line" terminals of the 
subscriber's set. (CCITT, 1989b, Chapter 6, Page 53) 

T he psophometric e.m.f. at the end of a telephone line is twice the psopho
metric voltage measured across a non-inductive resistance of 600 ohms, 
terminating the line at the place of measurement , if necessary via an im
pedance matching transfo rmer, when the other end of the line is termi
nated with an impedance equa.l to the chara.cteristic impedance of the line. 
(CCITT, 1989a, Chapte, 4, Page 133) 

The high penetration and high performance standards required of digital transmis
sion technology in the Telecom New Zealand trunk network has effectively eliminated 
power system interference on the circuits between exchanges. As a consequence Tele
com New Zealand's object ive noise target is 1 millivolt of psophometric e.m.L on the 
ci rcuit between the customer and his local exchange. 

Further work is required to define appropriate limits for other services. Limits for 
digital systems are likely to be based upon performance standards, such as the percent
age of error free seconds in a specified period and/or the bit error rate (CClTT, 1989b). 

Telecommunication interference measures are dependent on telecommunication sys
tem parameters, and therefore are unsuitable for quantifying the interfering ability of 
t ransmission lines. Common mode voltage on a particular cable pair is however a useful 
ind icator of the time dependency of inductive influence. The magnitude of the COIll

mon mode noise is dependent on cable length, location relative to transmission line, 
common mode impedances of the terminal equipment and parameters of the earth in 
addition to t hose of the transmission line . Therefore it is not an absolute measure of 
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interfering ability, unless it can be normalised. Normalisation is only possible where: 
detailed and accurate data on the physical environment is available; the environment is 
simple so that it can be accurately represented by mathematical models; and there is 
only one source of interference or the type of interference can be uniquely identified. In 
the author's experience normalisation is an expensive and inaccurate process at voice 
frequencies. Measures for accurately quantifying inductive influence are discussed in 
Section 4.2 and Chapter 7. 

In the sections that follow the advantages and disadvantages of measuring and 
calculating common mode and transverse noise voltages in communications circuits are 
discussed, with particular emphasis on the methodology used by the author. 

2.5.3 Measurement of Induced Noise Voltages 

Measurement of the transverse and common mode noise voltages in the Telecom 
New Zealand network is accomplished with the aid of two devices. The first device, an 
Automatic Line Termination, provides a quiet balanced termination at the exchange for 
test caUs originated froUl the circuit under test. The second instrument, a Psophometer, 
is used at the customers premises. It terminates t he user end of the circuit, filters the 
noise (Psophometric or flat weighting) and calculates the resultant rms voltage. 

Although the equipment involved is relatively inexpensive, such measurements are 
expensive to perform as a technician must visit the customers premises. Inexpensive 
estimates of the transverse noise voltage can be obtained from automatic test equipment 
at the exchange. Such measurements are not strictly valld as the voltage is measured at 
the exchange end of the circuit, the users end of the circuit is not terminated correctly 
and the exchange interface circuitry (which may be contributing to poor circuit balance) 
is bypassed during the test. 

Should the transverse noise voltage prove to be excessive, then a common mode 
noise measurement is made to determine whether it is due to excessive interference 
and/or poor circuit balance. If the common mode noise exceeds 86 dBrnp then the 
circuit may be considered to be ex periencing excessive interference. Telephone service 
may not meet the CCITT objective noise target of 26 clBrnp on a weU maintained circ.uit 
(balance of 60 dB or better ) when the common mode voltage exceeds 86 dBrnp. The 
high common mode voltage may be due to poor cable placement etc. , and therefore is 
not necessaryily an indicator of excessive emmission from the source. Telephone circuit 
balance may be estimated from the. noise measurements using (2.1). If it is less than 
60 dB then either the balance is poor or the circuit is experiencing direct transverSe 
induction. Poor circuit balance can be confirmed using a direct reading instrument 
complying with IEEE, 198.1. 

If there is excessive common mode noise on the circuit it Illay be necessary to per
form more detailed studies to identify the source, extent and severity of the interference 
(Robinson, 1966; Syman and Hare, 1981). Spectral analysis of t he noise may be per
formc<\ in synchronism with equivalent measurements on the power system (Section 
2.3.1) to identify the source. Continuous monitoring of both the suspected source and 
noise in the telecommunicat ions system is often required to establish whether there is 
a correlation between the events. Snch detailed studies are expensive to perform and 
can only be justified in exceptional cases. 

2.5.4 Calculation of Induced Noise Volta.ges 

Given the huge variety of equipment, the complexity of the comlllunication system, 
and thl';! lack of data about the localised imbalances of particular circuits, it is not 
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practical to model a circuit in detail. Instead a simplifi ed approach based on the 
concept of telecommunication circuit balance is used. 

Dalance figures provide a simple means to estimate the resultant transverse noise 
voltage in a telecommunication circuit. From estimates of the axial electric field at the 
site of the cable, the cab les propagation characteristics and terminating impedances, the 
COIllmon mode voltage induced in the cable can be calculated. The resultant transverse 
noise voltage can be estimated from this figure using a "typical" balance figure for that 
type of cable to determine if satisfactory service ca.n be providNI. 

2.5.5 Noise Voltage Determination Methods Used in this Proj ect 

Tele.communication system studies reported in this thesis have been limitE'(1 to the 
measurement and simulation of the longitudinal voltage induced in a cable laid on 
the surface of the ear th . The objective of t his work was to establish the validity of 
the power-telecommunication coupling models, rather than to test the accuracy of the 
telecotnll1unic<ttion system models. Details of the coupling models used are contained 
in Chapters 3, 4 and 8, while the results of this work are reported in Chapter 9. 

2.6 Summary 

This chapter satisfies the first aim of the project by describing a procedure for de
termining the resultant noise induced in a telecommunication circuit due to interfe rence 
from neighbouring power system transmission lines. The proce.dure is based upon the 
weak coupling assumpt ion which enahles the power system, elect romagnetic coupling 
and communication system studies to be decoupled. A survey of simulation and mea
sllrement methods for determining the sta.te of power systems, coupling to cables and 
the resultant noise voltage in telecommunication circuits has been presente(1. 

A complete algorithm for the determination of the resultant noise voltage in a tele
communication circuit has not been implemented during this project . The emphasis 
in this project has been placed on the mechanism of coupling between power system 
transmission lines and telecommunication cables, rather than on the generation of di s
turbing currents within the power system or the conversion of longitudinal electric fields 
to transverse noise voltages within a communication cable. However it is intended that 
the methods em ployed in this project be combined with algorithms for power system 
and communication system analysis according to the procedure described in this chap
ter. 

As the weak coupling approximation has been used to decouple the power allel 
telecommunication system studies from the COli piing studies, the conclusions drawn in 
this thesis can only be applied to cases for which the coupling is weak. In particular the 
conclus ions may not be valid fo r steady state coupling to aeriaJ conductors or collpling 
under fault conditions. 

To interface t he algorithms used during this project to existing power system sim
ulation and measurement methods, it has been necessary to develop an algorithm to 
determine the current profile along a transmission line from it's terminal con ditions. 
It is assumed that the power system is in a periodic steady sta.te and that the trans
mission line may be approximated by a linear network. The transmission system is 
then analysed at each harmonic frequency using an efficient harmonic penetration type 
algodthm which exploits the linear topology of transmission lines. Measuremellts have 
been conducted on a transmission line during this project to confi rm the accuracy of 
the method . 

The mechanisms of coupling between power and communication systems have been 
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discussed. Due to the widespread use of buried cable in the subscriber loop of New 
Zealand telecommunication system, magnetic field coupling is the only coupling mech
anism that has been considered in detail in this project. The effect of the earth upon 
the fields induced by a transmission line is discussed in this thesis, and the validity of 
the models used is established by experiment. 

Finally the difficulties associated with measuring and modelling noise within a 
telecommunications system have been described. 
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CHAPTER 3 

EARTH-RETURN TRANSMISSION LINE MODELLING 

3.1 Introduction 

Detailed knowledge of the electromagnetic fields around aerial transmission lines 
is required to determine (heir electrical parameters and interaction with neighbouring 
systems. 

The electromagnetic field around a multiconductor transmission line may be deter
mined by superposition of the fields induced by each conductor if the conductor mate
rial, air and earth are electrically linear. Although these materials are non-linear, they 
only display signifi cant non-linearit ies when subjected to intense electromagnetic fields 
(see Section 3.2). Under normal operating conditions they lllay be considered to be lin
ear, Therefore during this project, which is concerned with steady state interference, 
the field induced by multiconductor lines has been determined by the superposition of 
si ngle conductor earth return fields (see Chapters 5 and 8). 

At present it is not possible to solve for the electromagnetic field around a si ngle 
conductor suspended above the earth. However given the great technical importance 
of the problem, considerable effort has been expended on solving simplified problems 
in which the transmission line and earth are represented by simple, regular and elec. 
trically linear stTuctures. As a consequence there now exist a wide variety of models 
employing a range of simplifying approximations. Unfortunately the rigorous models 
(t hose that make the lowest number of simplifications) tend to be mathematically com
plicated and computationally expensive to evaluate, and are therefore unsuitable for 
some applications. 

A number of single conductor earth return line models have been employed (luring 
this project to satisfy the many and various modelling requirements. Accurate yet 
computat ionally efficient models were required for the numerical investigations of the 
fields induced by single and llluiticonductor lines (Chapters 4, 6 and 8) and for COIll· 

parisons with measurements (Chapter 9). Mathematically simple models were used for 
theoretical studies of the factors affecting the inductive inflllence of transmission lines 
(Chapter 4). As the majority of the results presented in t his thesis have been obtained 
from com puter simulations and theoretical investigations based upon these models, the 
validity of the conclusions stated in this thesis is lil~lited by the accuracy of the mod· 
els. Therefore particular care has been taken during this project to select appropriate 
models for each application. 

A summary of single conductor line models is presented in this chapter with par
ticular emphasis on the representation accuracy, derivation, implementation, applica
tions and the physical interpretation of the models. This chapter has been written to 
describe existing models and their relative merits. As these models have been used ex· 
tensively throughout this project, this chapter effectively summarises the fundamental 
approximat ions upon which the conclusions presented in this thesis are based. Physica.l 
interpretations of the models are included as background info~mation for Chapter 4, 
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in which the factors affecting the inductive influence of single conductor earth return 
transmission lines are discussed. Chapter 4 also compares the numerical accuracy of 
the models used during this project, and summarises t he sensitivity of the resultant 
inductive influence to frequency, earth resistivity and geometry variations. 

The chapter opens in Section 3.2 with details of the assumptions commonly made 
when modelling a single conductor earth return transmission line. 

A discussion on wave propagation along a single conductor line is presented in 
Section 3.:~ . The decomposition of the electromagnetic field into / lItemat and External 
components is also described. Only external field models, or models of t he field outside 
the condllctor are considered in this chapter. Models for determining the internal fields 
within the conductor are discussed in Chapter 8. 

Section 3.4 contains a discussion on infinite and finite length t ransmission line mod
e.lling. The require.ments of this project and the assumptions regarding the length of 
transmission lines used during tills project are presented. Infinite and finite length 
transmission line models are the subject of Sections 3.5 and 3.6 respectively with par
ticular emphasis on those models which have been used during this project. 

The chapter doses in Section 3.7 with a summary of single conductor line models, 
their relative merits and ap plications. 

3.2 Mathematical R epresentation of Transmission Lines 

A transmission line above the earth is a particularly difficult system to model due 
to irregularities in the structure of the line, the conductor and the earth. In the sections 
th;:tl follow the difficulties associated with modelling t ransmission lines are discussed 
together with the approximations commonly made. 

3.2.1 Transmission Line 

Transmission lines are of finite length and generally vary in height and deviate from 
a straight path between their terminal busbars due to the nature of the terrain they 
traverse. The conductors of the line also sag between the support structures. It is not 
practieal to model these irregularities in detail, and t herefore simplifying ass umpt ions 
must be made. 

In reality all transmission lines are of finite length, however it is difficult to calculate 
the electromagnetic fields around a finite structure. As a consequence transmission 
liue models are usually based upon the. assumption that the line is infinitely long. 
Calculations based upon these models will only yield valid results for lines which are 
so long that they may be regarded as being infinite. The conditions which must be 
satisfied hefore a line may be represented by an infinite model are discussed in Section 
3.4. 

Finite length transmiss ion line models have also been developed, however it is not 
practical to represent the terminal bus bars and earthing system in detail in these mod
els. The usual approximations that are made are that the circuit is completed by either 
radial current fiows from the ends of the conductor, or by a vertical connection to a 
point electrode in the earth from whieh the current radiates. The distribution of cur
rent from the point electrode may be asSllmed to be a radial direct Cllrrent distribution 
or an alternating current distribution (Section 3.6). 

Unfortunately these approximations may not be realis tic for high voltage trallsmis~ 
sion lilles. High voltage transmission lines are terminated at substations, the earthing 
systems of these stat ions are frequently large in relation to the skin depth of the earth at 
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harmonic interference frequencies and are composed of metallic elements which further 
distor t the current distribution. 

The conductor in models proposed to date is assumed to be perfectly straight and 
pal'aiJel to the surface of a planar earth. The height of the conductor is set to be the 
average height of the actual conductor, and may be calculated from the maximulll and 
minimum heights assuming the conductor hangs in a catenary curve. A significant erro r 
can result if the line crosses mountainous terrain or if the conductor sag is large, as the 
actllal conductor length is t hen signifi eantly greater than that of the model. In(\eed 
Densem (1983) found it necessary to increase the length of a model of a transmission line 
which traversed a mou ntainous region to match the measurc(\ electrical characteristics. 

The effect of the quasi-periodic intrusion of the supporting structures and the ape
riodic intrnsion of trees and buildings into the immediate vicinity of the conductors 
must also be considered. These structures distort the electric field, increasing the ca.
pacitive leakage current to ground , thereby changing the propagation characteris tics of 
the line. Yang and Matsuura (1 988) consider that these effects must be included when 
calculating the induced voltages on the de-energised halves of double circuit EHV and 
UHV lines. T his can be achieved by reducing the height of the conductor above ground 
when calculating the capacitance matrix for the line. 

The quasi-periodic int rusion of the supporting structures into the neighbourhood 
of the conductors could also affect wave propagation on the line. Discretely bonded 
earth wires on transmission lines can act like selective filters at frequencies for which the 
electrical distance between sup ports is a multiple of one half wavelength (Wedepohl and 
Wasley, 1965). It is plausible that the increase in localised capacitance to ground at each 
su pport could have a. similar effect. However, such effects, if they are significant, need 
only be considered at frequencies for which the electrical (listance between supports 
is greater than one quarter of a wavelength. For typical spans this corresponds to 
250 kilohertz, and therefore this effect need not be considered when studying voice 
frequency interference to telecommunication systems. 

In general t he effect of the intrusion of structures on the line is ignored at present 
as the situation is too complicated to model in detaiL Corrections for these effects may 
be introd uced in the form of a scaling factor for the capacitance, or a reduction in the 
effective height of the conductor when calculating the shunt capacitance of the line. 
However, these modifications lllllst be viewed as corrections to t he models as they are 
not accounted fo r in the derivations. 

3.2.2 Conductor 

Modern aerial electrici ty transmission and distribu tion lines generally use steel re
inforced aluminium conductors ( ACSR ). T hese conductors consist of concent ric layers 
of spiral wound st rands, with t he layers wound in alternate directions. Steel strands 
are used in the centre, while the outer layers are aluminium. 

The electrical characterist ics of these conductors are dependent on t he electromag
netic properties of the conductor materials, which are non-linear. The magnetic core of 
an ACS R conductor expe.riences a magn,et ising fo rce due to current flow ill the spiral 
st rands. This results in hysteresis and eddy-current losses wit hin the steel which are 
current dependent (Lewis and Tuttle, 1958). If the potential of the li ne is such that 
the electric field at t he surface of the conductor exceeds 30 kilovolts per centimetre, Or 

pollu tion is present on t he conductor, corona discharges may occur. These discharges 
increase the effect ive conductor radius, changing the c.apacitance to ground and increas
ing line resistance due to hysteresis loop losses (Ovick and Kusic, 1984). However as 
these non-linear effects are generally insignifi cant under normal operating conditions, 
the conductors are usually rep resented by linear models. 
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The resistance and internal inductance of a conductor are frequency dependent due 
to the skin effect ( Dwight, 1918). As the frequency is increased the surface current den
sity rises while the internal current. density decreases, producing a non-linear variation 
of internal conductor parameters with frequency. This effect can be accounted for using 
exp ressions derived by pwight (19 18) and is discussed in greater detail in Chapter 8. 

Conductor resistance is also temperAture dependent, being approximately linearly 
proportional to the absolttte temperature. Significant changes of conductor parameters 
can occur due to seasonal temperature variations of thirty degrees kelvin or more. 
However in practice the parameters of a line are normally calculated at the typical 
operating temperature. 

3.2.3 Earth 

The major difficulty associated with the calculation of the electromagnetic field 
around a single conductor translll!ssion line is in determining the effect of the earth 
on the field. Transmission lines induce currents within the body of the earth. These 
currents in turn contribute to the electromagnetic field, affecting the electrical charac
teristics of the line. However, as the current distribution is highly dependent on the 
electromagnetic properties of the earth, the electrical parameters of the line will also 
be dependent on these properties. U nfortnnately, the earth is a large irregular inhomo
geneous body which is electrically non-linear and whose properties vary greatly with 
position and time. 

The sllrface of the earth below a. transmission line is irregular and finite in extent. 
However, it is modelled as an infinite plane surface parallel to the conductor. The 
length of a transmission line is usually small in relation to the dimensions and curvature 
of the earth, therefore it is reasonable to model the earth with an infinite structure. 
Transmission lines generally follow easy paths such as along valley floors where surface 
irregularities are small in relation to the height of the line. Consequently the plane 
surface approximation is well based. In cases where the earth is inclined it may be 
necessary to incline the plane representing the earth, or equivalently adjust the height 
of the conductors to accou nt for t he imbalance that results (Yang and Matsuura, 1988). 

Due to the mechanisms of erosion, sedimentation, leaching and volcanism the earth 
usually has a stratified structure. In models developed to date the earth is' often approx
imated by a stratified structure of homogeneous layers. Such models usuany provide 
better agreement with measured transmission line parameters than those models which 
approximate the earth by a single homogeneous layer (Sunde, 1949, chapter 4). 

Under very intense electromagnetic fields the earth behaves in a non-linear fashion 
dlle to ionisation of the air between soil particles and saturation of magnetic minerals. 
However , the field strengths below a transmission line under normal operating condi
tions are such that these effects may be ignored allowing linear time-invariant models 
of the earth to be used. 

The electrical characteristics of the earth are highly dependent on the minerals 
present in the soil or rock, moisture content and temperature (Vance, 1978). Very 
large variations in the parameters of the soil may be observed from one location to 
another and from otle season to another. In particular the earth resistivity may vary 
from about 0.2 to 15000 n.m, the permittivity of soil from 5 to 15x the free space 
value and up to BOx for fresh or sea water, and the permeability from 1.0 up to 1.6x 
the free Space value for high grade iron ore (Gill and MacDonald, 1967.; Vance, 1978; 
MacDonald, 1988). Earth resistivity is the most important factor to model accurately 
as it has a significant effect on the current distribution within the ground and hence the 
electromagnetic field (Efthymiadis and Wedepohl, 1978). The permeability should also 
be modeUed explicitly as it can have an important effect on the fields (Efthymiadis and 
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Wedepohl, 1978), although in practice it is unlikely to vary signifi cantly from the free 
space value (Vance, 1978). Although the permittivity of the earth can vary greatly, 
it does not seem to significantly affect the electromagnetic fields (Efthymiadis and 
Wedepohl, 1978). All models developed to date represent the finite conductivity of the 
earth , whilst some allow permittivity and permeability values for the earth different 
from those of free space. Given the wide variation of the electrical parameters of the 
earth it is recommended that data for insertion in models be measured at the point of 
interest otherwise significant errors may result. 

3.2.4 Decoupling the Internal and External Field Calculations 

To calculate the electrical parameters of a high voltage transmission line, it is st rictly 
necessary to simultaneously solve for the electromagnetic fields within the cond uc.tor, 
air and the earth as they are interrelated. Current flow within the conductor induces 
fields which perturb the current distribution within the earth and vice versa. As a 
consequence of this proximity effect the current distribution in the earth is conce.ntrated 
in that part immediately below the line (Section 4.7.2), while that in the conductor has 
an angular dependence and angular currents flow (Pogorzelski and Chang, 1977). It is 
unrealistic to ignore the proximity effect of the conductor on t he current distribution 
within the earth, however if the conductor radius to height ratio is small then the 
effect on the conductor may be neglected with lit tle loss in accuracy (Pogorzelski and 
Chang, 1977). The conductor current is then considered to flow in the axial direction 
only and to be uniformly distributed around the circumference. 

A cylindrical conductor carrying an angularly independent current may be replaced 
by an infinitely thin conductor carrying the same current. The external magnetic 
field from the filamentary conductor is identical to that of the actual conductor, while 
boundary conditions on the electric field, at the former surface of the conductor, may 
be imposed to ensure that the electric fields are identical. Thus when the influence of 
the proximity effect on the conductor current dis tribution is ignored, the calculation of 
the external fields may be simplified by the use of a filamentary current model for the 
conductor. 

The calculation of the fields internal to the conductor is also simplified by this as· 
sumption. When the proximity effect is ignored the conductor current dist ribution is 
independent of external fields, therefore the internal field calculations can be decou
pled from those for the ex ternal fields. However the decollpling is not bilateral. The 
internal electric field on the conductor surface is generally the dominant component of 
the external axial electric field in the immediate vicinity of the conductor (Olsen and 
Pankaskie, 1983). 

When simplified transmission Line models based upon Quasi-TEM propagation the
ory are used (see Section 3.3.3), the decoupling is complete as continuity of the field at 
the condllctor surface is not required to solve for the external fields. This greatly simpli
fies the calculation of the external line parameters as a general conductor-independent 
solu t ion can be formulated. However the internal component of the conductor impe
dance is significant at harmonic interference frequencies due to ohmic losses and the 
skin effect, and must be added to the external field component before the propagation 
constant can be calculated. 

[n the single conductor transmission line models discussed in this chapter the con
ductor is modelled as a filamentary current on the conduct9r axis. Only models for 
the determination of the external fields, associated electrical parameters and the prop
agation constant are considered here. Models for calculating the internal fields are 
presented in Chapter 8. 
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3.3 Wave Propagation a long a Conductor above the 
Earth 

An understanding of the external fields around a single conductor transmIssIon 
line is reqllired to appreciate the asstlluptions made in the derivation of t he models 
discussed in this chapter. In this section a discussion of propagation on the single 
conductor trans mission line shown in Figure 3.1 is presented. 

An infinitely long cylindrical conductor of radius ac is located at height Yc above t he 
planar surface of the homogeneous earth. The conductor lies parallel to t he .i axis of 
the cartesian coordinate system and is located at x ::::: Xc and y = Yc> while the surface 
of the earth is located in the plane y = O. The electrical parameters of the conductor, 
air and earth are (Pc ,/-ld:c), (Pa,/-la,Ea) and (Pe,/-le,Ee) respectively. 

Three cases are considered: lossless propagation, pc and Pe :::: 0; lossy propagation, 
Pc and Pe '> 0; and Quasi-TEM propagation, in which results based on lossless prop
agation are used to derive an approximation to the lossy fields. In all cases the air is 
asS\ltned to be a perfect insulator (Pa infinite). 

Mathematical details of the external electromagnetic field and the resultant circuit 
parameters of a lossless system are presented in this section for comparison with the 
lossy models described in Sections 3.5 and 3.6. 

3.3 .1 Loss less Propagat.iori 

As the resistivities of the conductor Pc and earth pc are zero, no alternating electro
magnetic fields can exist within these bodies and the field is confined to t he air. The 
boundary conditions on the field at the conductor-air and air-earth interfaces are that 
the tangential electric field and normal magnetic field must be zero (Ramo et at., 1984, 
chapter 3). As the conductor height is very much less than a wavelength at harmonic 
interference frequencies, the only field that can propagate along the line and satisfy the 
boundary condit ions is a Transve1'se Electromagnetic (TEM) wave. 

'rEM waves have zero axial (z) fields, and propagate without attenuation at the 
velocity of light in air. The time and z dependence of the time- harmonic field is 
described by exp(Jwt ~ 1'z), which can be separated from the other spacial variables as 
shown in Equation (3.1). 

/(x,y,z,t) = /(x,y)exp(Jwt - ,z) (3.1 ) 

Where 

f(x, y, z, t) ::::: component of the electromagnetic field at point (x, y, z) and t ime t 
t ::::: time (5) 
l' ::::: propagation constant (rad .m- I ) 

::::: ±JW.,jlLafa 
+ for a wave propagating in the increasing z direction 
~ for a wave propagating in the decreasing z direction 

Both forward and backward travelling waves' may exist on the line. Reflections 
occur from the ends of lines that are not terminated by their characteristic impedance, 
generating backward travelling waves (Ramo et al., 1984). 

Both the electric and magnetic fields satisfy Laplace's equation in the transverse 
(z constant) planes, i.e. they have the same form as static fields which satisfy the 
botmdary conditions (Ramo et at., 1984, chapter 8). The electric and magnetic fields 
of a given travelling wave (forward or backward) are normal to each other , in phase 
and are related by t he impedanc.e of the. air, 
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Line Conductor (Pc. /-'e, fe) 

Homogeneous Earth (Pc , Pe, fe) 

Where 

Ie = transmission line conductor current (A) 
Ve = transmission line conductor voltage, with respect to an infinitely 

remote earth connection (V) 
Ye = y ordinate of the conductor (Ill) 
Xc = x ordinate of the conductor (Ill) 
ae = radius of the conductor (m) 
Pc. Pa, Pe = resistivity of the conductor, air and earth (n.m) 
Pc, }.ta. /-,e = permeability of the conductor, air and eartll (H.m -\) 
fe, fa, f e · = permittivity of the conductor, air and earth (F.m- I ) 

Figure 3.1. Idealised Single Conductor Transmission Line 
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Where 

E = magnitude of electric field (V.m-I) 
H = magnitude of magnetic field (A.m- I ) 

(3 .2) 

The boundary condit ions at the surface of the ideal earth can be sat isfied by re
placing the earth with an image conductor as shown in Figure 3.2, provided that the 
voltage and current of the image are of equal magnitude and opposite sign to those 
of the conducto r. Note that the reference plane in Figure 3.2 represents the former 
location of the air-earth interface, both conductors in th is figur~ are located in air. 

As the height o~ the transmission tine is generally much greater than the conductor 
radius (Yc ~ ac) the proximity effect may be ignored. The conductor and image Illay 
then be replaced by filamentary line charges when calculat ing the transverse electric 
field and by filamentary cur rents for magnetic field calculations. Superposition is then 
used to determine the resultant field from those induced by the filaments representing 
the conductor and image. Equations (3.3) to (3.8) describe the fields in the air, no 
fields ex..ist within the conducting regions . 

Ex{x, y, z, l) Q,(z,l) ((x-x,) _ (x-X')) 
21rfa Tc2 Tj2 

Ey(x, y, z, t) ~ 
Q,(z, I) ((y - y,) _ (y + y,)) 

21rfa Tc2 Tj2 

Eo(x, y, z, I) 0 

llx(x,y,z,t) ~ 
I,(z,/) cy + y,) - (y-y,)) 

21r Tj2 Tc2 

F11J (x,y,z,t) ~ 
1,(z,l) ((x-X,) _ (x-X,)) 

21r Tc2 Tj2 

F1::(x, y, z, t) 0 

Where 

Ex(x,y,z,t) = x component of the electric field (V.m-I ) 
Ey(x,y,z,t):::;: iJ component of the electric field (V .m -I) 
Ez{x,y,z,t) :::;: i component of the electric field (V.m-I ) 
fl x(x,y,z,t) = x component of the magnetic field (A.m- I

) 

Hy(x,y,z,t) = fJ component of the magnetic field (A.m- 1 ) 

Hz(x,y,z,t) = i component of the magnetic field (A.m- I
) 

(c(z,t) :::;: conductor current (A) 
~ 1,( z ~ 0, / ~ 0) exp(Jwl - F) 

Qc(z,t) = charge per unit length on the line (C.m- t
) 

:::;: JJ.l.aftl)c(z, t) 

(3.3) 

(3.4) 

(3.5) 

(3 .6) 

(3.7) 

(3 .8) 

The mutual impedance to a cable located at point (x,y) may be determined by 
calculating the time rate of change of flux linking the circuit formed by the cable_and 
an infinitely remote reference point per unit current on the line. Using similar methods, 
the potential of the point (x,y), and he.nce the mutual capacitance and admittance, may 
he calcul;tted. Equations (3 .9) and (3.10) give t he resultant expressions for the mutual 
admit tance and impedance per unit length. These e.quations ignore the proximity effect 
of the cable and are therefore only valid wben the conductor-cable separation is large 
compared to the radii of the conducto r and the cable. 
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x 

y, 

Refe rence Plane 

y, 

Line Conductor (Ie. Ve) 

Ti 

Observation Point 
y 

Image Conductor (-fe• -Ve) 

Where 

y = Y ordinate of the observation point (m) 
x = x ordinate of t he observation point (Ill) 

37 

Te = radial separation between the observation point and the transmission line 
conductor (m) 

; j(x x,j' + (y YeP 
Ti = radial separation between the observation point and the image conductor 

(Ill) 
; jT( x:--::x', ).,-, '+'(::;"y ,+-oy", )eI' 

Figu re 3.2. Replacing the Lossless Earth with an Image Conductor 

Y;ll 

Where 

JWJl.a In Ti 

21r Tc 

J21rw€a 

In !i. 
T, 

11" = the ratio of circle circumference to diameter 
1n = the natural logarithm 
Zm = mutual impedance per unit length (11.m- 1 ) 

Ym = mutual admittance per unit length (S.m- I ) 

(3.9) 

(3.10) 

T he external self impedance and admittance of the transmission line is simply the 
relevant mutual parameter evaluated at a point on the conductor surface. Snbstituting 
t he point x = Xc and y = Yc - ac for the bottom of the conductor into these equations 
yields 

z, (3 .1 1) 
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Y, 

Where 

}211'WEa 

ln~ a, 

Zs = external self impedance per unit length (n.m- I ) 

Ys = self admittance per unit length (S.m- I ) 

(3. 12) 

Diffe rent results will be obtained if another point on the surface of t he conductor is 
selected as the conductor surface is not an equipotential surfa.ce because the proximity 
effect has not been modelled. 

It ltlustbe €mphasised that the product of the mutual impedance and the inducing 
current Ie does 1Iot yield the i component of the electric field, Ezo Ez is dependent 
on both the alternating magnetic and electric fields . The product -Z",lc gives the 
magnetic component of Ez • rn this lossless case the component s of Ez due to the alter
nating magnetic and electric fields are of equal magnitude and opposite sign, resulting 
in a zero axial (z) field. 

The telegrapher's equat ions for this lossless case may be derived directly from 
Maxwell's equations (Ramo et al., 1984, chapter 8). Therefore distributed circuit 
transmissio n line models and field analysis yield identical results. As a consequence 
the propagation constant and characteristic impedance of the wave may be calculated 
using the following distributed circuit relationships. 

(3.13) 

(3.14) 

Where 

Zo = characteristic impedance of the propagation mode (fl.m- 1 ) 

In this lossless case. the propagation constant reduces to that of a wave in aIr 
(}Wy'Jlafa.) presented earlier, which is independent of the geometry of the line. The 
characteristic impedance Zo is geometry dependent however. 

3 .3.2 L ossy Pro pagatio n 

The situation is considerably more complicated when the conductor and earth are 
lossy (Pe and Pc > 0) as internal electromagnetic fields may exist. Indeed a finite 
electric field is required to force current to flow through the lossy media. Current flow 
is not constrained to the surface of the conducting regions as in the lossless case and 
is highly dependent on both the electrical characteristics of the media and frequency, 
due to the skin effect . Displacement currents flow within the lossy media resulting in 
increased losses which overwhelm the conduction current effects at high frequencies and 
in regions of great earth resistivity. 

The boundary conditions on the surface of a lossy conductor subject to alternating 
fields are that the tangential components of t he electric and magnetic fieJds be cont in
IIOUS at the interface. As an axial (E.;) electric field exists within the conductor and 
earth to force current to propagate along the transmission line, an axial field will also 
exist in the ai r. Consequently the field will not be a pure Transverse Electromagnetic 
wave, but lllay be considered to be the sum of T1'a1lsve1'se Electdc (TE) and Tmll$t1el'se 
Magnetic (TM) waves (Wedepohl and Efthymiadis, 1978). 
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The time and z dependence of the fields may still he described by equation (3.1) 
(Wait, 1972). A superposition of fields with dependences of this form can be shown to 
be a complete description of fields around a conductor above a lossy earth excited by 
a finite source (Kuester et ai" 1978). However the presence of fields within the resis
tive conductor and earth results in energy loss and therefore the fields are attenuated 
with distance (the propagation constant -y contains a real component) and no longer 
propagate at the velocity of light .. 

Both fo rward and backward travelling waves will exist on the line as power system 
transmission lines are unlikely to be terminated by their characteristic impedance. 
Furthermore the electric and magnetic fields are not related by (3.2) because of the 
earth losses and the fact that forward and backward waves are present (Olsen and 
Wong, 1992). 

A single conductor transmission line above the earth may support multiple propaga
tion modes which vary in number depending on the parameters of the earth, frequency 
and conductor height. These modes of propagation may be divided into two classes, 
continuous spectra of radiat ing modes and discrete propagating modes (Kuester et 
al., 1978). 

Continuous spectra radiation modes describe radiating fields which are the result 
of a integration over a semi-infinite spectrum of modes (an individual radiation mode 
has no meaning by itself) (Kuester et aI" 1978). These fields are not constrained to 
propagate along the axis of the conductor but radiate into the air, earth, or along the 
interface. Such fields are dependent on the properties of t he air and earth and are not 
strongly affected by conductor geometry (Bridges et al" 1988). The axial decay rate of 
the continuous spectra of radiating modes in air is proportional to liz. 

A usually finite number of discrete modes propagate on an aerial line. Each mode is 
characterised by a single propagation constant, which is not necessarily unique. Unlike 
the radiation fields which are bounded at infinity, the fields associated with discrete 
propagation modes decay exponentially in the axial direction and in the transverse 
plane with distance from the line (Kuester et ai" 1978). 

A single conductor line above a. homogeneous earth will in general have two dis
crete propagating modes: a stf'uctU1'e attached or transmission line mode, and a surface 
attached or fast wave mode (Olsen et aI" 1978). The fields associated with the trans
mission line mode tend to penetrate the earth more than the fast wave mode, resulting 
in higher attenuation and a lower phase velocity. 

The field around an aerial line contains contributions from all modes. However the 
contribu tion from each mode depends on the degree of excitation of the mode by the 
source, and the distance along the line. In the region very close to the source and at 
extremely large distances from the source the continuous radiation modes' contributions 
may be significant as they deca.y at a rate proportional to liz, while the discrete mo{les 
decay exponent ially. However where the structure's dimensions are. small compared 
with the wavelength, as is the case for power system transmission lines, the discrete 
modes are considered to be dominant (Bridges et ai., 1988), Of the two discrete modes, 
only the transmission line mode needs to be considered at low frequencies on power 
lines as the relative excitation of the fast wave mode and the total line attenuation are 
small (Chang and Olsen, 1975; Bridges et ai" 1988). Therefore the fast wave mode will 
not dominate despite its lower rate of attenuation. 

It seems that for normal earth parameters and transmission line heights, the trans
mission line mode is the only mode that needs to be considered at frequencies below a 
few megahertz (Dudley and Casey, 1989). This result is fortunate as traditional trans
mission line theory may be used to calculate the line currents .and voltages, When all 
modes are significant transmission line theory can not be applied and the complete solll-
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tion must be used . Care should be exercised when studying high frequency propagation 
effects on power tines using traditional transmission line theory however, especially in 
the vicinity of discontinuities, as it is possible that other modes are also significant. 

The Exact mode equation may be cast into the form of a generalised transmission 
line equation containing te rms representing t he series impedance and shunt admit
tance peT unit length (Wait, 1972; Bridges et at., 1988). Unfortunately the peT length 
parameters are integral functions of the propagation constant, and therefore can not 
he evaluated until the discrete propagat ion constant has been determined, and vary 
according to the mode of propagation . 

A discussion on the derivation and solut ion of the Exact model for infinite length 
transmission lines is presented in Section 3.5.1. 

Exact solutions are also possible for finite length transmission lines. In this case 
other modes may be significant given the short length of the line. Exact finite length 
models a.re discussed in Section 3.6.1. 

3.3.3 Quasi-TEM Propagat ion 

The Illost commonly used theory to describe propagation on <wrial lines is Qua8i
TEM propa.gation. This theory was originally derived by Carson (1926) and Pol
laczek (1926). It predates the Exact theory but is considerably simpler and therefore 
easier and more efficient to implelnent. 

The Quasi-TEM theory employs lossless field concepts to simplify the problem. 
It is assumed that the axial variat ion of the field is equal to the free. space value, 
therefore the fields in the air are the solution of the two dimensional Laplace equation 
in the transverse plane rather than the three dimensional wave equation (Bridges and 
Shafai, 1989). As static fields satisfy the Laplace equation this theory is also known 
as the Quasi-Static or constant CU1TWt approximation. This approximation is valid 
provided that the following conditions are satisfied (Degauque et ai., 1983; Olsen and 
Pallka.skie, 1983): 

• the conductor radius must be small in relation to the height (proximity effect can 
he ignored); 

• the dimensions of the system must he small in relation to the wavelength (less 
than one twent ieth of a wavelength); 

• the wave number of the earth must be much greater than that of the air (gen
erally true at [ow frequencies where displacement currents within the earth are 
insignificant in relation to conduction currents); 

• the propagation constant of the wave must be much smaller than the wave number 
of the earth (true for conductors which are not in continuous contact with the 
earth ). 

Olsen ct at. demonstrated that sat isfaction of these conditions is sufficient to justify 
the validity of the Quasi-TEM mode.! by deriving it from the Exact model by applying 
only these assumptions (Olsen and Pankaskie, 1983). 

A single propagation constant is de.ten nined using this approach which will be dose 
to the transmission line mode propagation constant determined using the Exact theory 
if the assumptions are valid. Therefore this method is subject to the same constraints 
as the Exact theory when only the transmission line mode is considered . 

Experimental investigations have shown that the agreement between measured cur
rents on a transmission line and Quasi-TEM theory is good, even when the displace
ment currents in the ground are comparable to the conduction currents (Degauque ct , . 
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at., 1983}. When the line is very lossy the assumption of a single exponential mode 
of propagation is not adequate, and additional modes must be included. However for 
the test system described by Degauque et at. (1983) this is only necessary when the 
attenuation exceeds 60 dB, which suggests that additional modes are not required to 
accurately model propagation on power system transmission lines. 

The Quasi-TEM a.pproximation greatly simplifies the calculation of the transmis
sion line parameters as the Exact modal equation reduces to an explicit expression 
when the Quasi-TEM approximation is applied (Bridges et al., 1988, equations (13) 
and (14)). Elements of the shunt admittance matrix reduce to their lossless earth val
ues given by equations (3.12) and (3.10), while the series impedance matrix elements 
reduce to Carson's equat ion (equation (3.31)) augmented by the internal impedance of 
the conductors. Once the equivalent circuit parameters for the transmission line have 
been determined by assuming that the wave propagates at the free space velocity, a 
refined estimate of the propagation constant is obtained using equation (3.1;1). This 
differs from the Exact theory which states that the fields are dependant on the prop
agation mode and therefore the field and circuit parameters can not be determined 
until the propagat ion constant is known. The Quasi-TEM approach to determining 
the propagation tliay be viewed as one of iterative refinement, as an initial estimate of 
the propagation constant (free space value) is used to derive fields and hence the circuit 
constants. These are then used to give a refined estimate of the propagation constant 
(Wise, 1934)-

A discussion on the historical development a.nd implementation of Carson's infinite 
length Quasi-TEM model is presented in Section 3.5.2. Sections 3.5.3 and 3.5.4 descr ibe 
the infinite Complex Penetration and Conductor Element models which are also based 
upon the Quasi-TEM wave propagation approximation. These models should only be 
appl..ied to situations which satisfy the Quasi~ TEM conditions stated above. 

Finite length models have also been based upon the Quasi-Static field theory (Sec
tions 3.6.2 and 3.6.3). These models assume that the displacement current flows are 
negl..igible, and hence that the conductor current is constant. This assumption is only 
valid for lines which are short in relation to the wavelength. Finite length Quasi~Static 
models can therefore only be applied to short lines which meet the Quasi-TEM require
ments. 

3.4 M odelling Finite and Infinite Le ngth Tra nsm ission 
Lines 

Earth return transmission line models are based upon the assumption that the line 
is either infinitely long or of finite length. The difference between these models is that 
the distortion of the field due to the end of the conductor, the vertical connection to 
earth and the perturbed current fiow in the earth (the End Effect) is represented in 
finite models, while it is ignored in infinite models . This distortion influences both the 
electrical parameters of the line and the resultant coupling to neighbouring systems. In 
reality all lines are finite and therefore should ideally be represented by finite models, 
Unfortunately finite models tend to be r~lOre complicated and computationally expen
sive to evaluate, as a consequence infinite length models are often used in practice. In 
this section the condit ions which must be satisfied before infinite length models can he 
applied are discussed. The requirement for both finite and infinite models during this 
project is summarised. 

The increased complexity of finite length transmission line models results from the 
fact that fields around the line no longer have a simple exponential z dependence. 
As a consequence the parameters of the line are not uniform which results in inter-
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mode coupling, complicating the calculation of propagation along the line. Furthermore 
mutual coupling calculations, which are performed by integration of the relevant field 
components over the length of the induced conductor, are more difficult to perform. 

As the length of a finite line increases, the fields about the centre of the line tend 
towards the infinite result. If the line is electrically long then the fields over much 
of its length may he approximated hy infinite fields (Kuester et ai., 1978). The self 
and Illutual parameters of the line can then be approximated by the per unit length 
parameters fo r an infinite line. It must be noted that alt hough the infinite Held ap
proximation lUay be accurate over much of the length of a finite line it is not valid to 
simply represent a finite conductor with an infinite parameter model as the End Effect 
can have a profound influence on both propagation along the conductor and coupling 
to neighbouring systems. 

Circuit models based upon parameters derived from infinite length transmission line 
models may be used to approximate finite structures if they are augmented with terms 
which account for the End Effect. This is achieved in propagation studies by applying 
equivalent sources to the end of uniform circuit models, or by modelling the cou pling 
between modes (Kuester et al., 1978) . Self and mutual impedance calculations must 
be augmented with terms which represent the impedance of the connections to earth 
and the coupling between these connections (Sunde, 1949, Chapter 4). It should be 
noted however that these augmented models are only approximate representations of 
the finite system as they do not fully include the effect of the non-exponential fie ld 
variation along the line. 

In the case of mutual coupling calculat ions to telecommunications systems, it is not 
usually necessary to augment the infinite model with the mutual coupling between the 
earthing points as telecommunications circuits are normally only earthed at one point 
which is isolated fro m the earthing systems of high voltage transmission lines for safety 
and noise immunity reasons. 

The accu racy of an augmented infinite model is a funct ion of the parameters of 
the inducing conductor and earth, and also the location and orientation of the induced 
conductor in mutual coupling calculations . As a consequence, it is difficult to make a 
general recommendation as to when augmented models may be applied. Semi-empirical 
guidelines have been derived for the case of Quasi-TEM propagation along finite con
ductors. The error incurred in self impedance calculations is small if the length of the 
inducing conductor is large in relation to the skin depth of the earth. Sunde (1949) 
studied the error in mutual impedance calculations and found that 

For a given allowable error in the mutual inductance, the distance e that one 
wire has to extend beyond the ends of the other to be regarded as infinite 
is smaller the longer the shorter wire. When one of two parallel wires is of 
infinitesimal length, and great accuracy is required, as in determining the 
earth resistivity from mutual inductance measurements, the distance should 
be such. that eVJWJl-e(1! Pe + JWEe) > 2. 

This requirement is excessively stringent when the separation is small as in the imme
diate vicinity of the inducing conductor (separation much less than the skin depth) the 
direct field dominates . In this case the length f need only be greater than the sepa
ration between the inducing and induced conductors for acceptable accuracy. In cases 
where high accuracy is required the author re.commends that preliminary calculations 
be performed using both fmite and augmented infinite models to determine whether 
the aexttracy of the augmented models is adequate. 

At an early stage of this project it was necessary to decide whether to use finite 
or augmented infinite length transmission line models. The main requir·ement of the 



3.5. INFINITE LENGTH TRANSMISSION LINE MODELS 43 

project was for a lDeasure to quantify the inductive influence of hypothetical trans
mission lines and to investigate the relationships between the parameters of the line 
and earth, and the resultant inductive influence. To achieve these goals an inductive 
influence measure was required which would yield a single number for a given line type 
which accurately quantified the interfering ability of the line along its entire length, yet 
was substantially independent of the parameters of the induced system (Further details 
of the inductive infl uence measure are contained in Chapter 4). To achieve this using a 
finite length transmission line model it is necessary to combine the resultant inductive 
interference for a variety of line and induced conductor lengths and positions along the 
line into a single equivalent figure. If the line is long in relation to the skin depth, as is 
generally the case for high voltage transmission lines at harmonic frequencies, then this 
process is unnecessary as the per unit length mutual cQupling obtained from an infinite 
model has the desired properties at a fraction of the computat ional effort. Augmented 
iufinite length transmission lines models have been used almost exclusively _throughout 
the course of this project to assess the inductive influence of t ransmission lines for rea
sons of simplicity and computational efficiency. A consequence of this decision however 
is that the conclusions presented in this thesis are only valid when the conditions stated 
in the previous par-agraph are satisfied, and therefore should not be applied to inductive 
interference phenomena in the vicinity of the ends of a transmission line. Finite models 
have also been used during the course of this project for determining the characteristics 
of a one hundred metre length" of cable used to measure the inductive influence of the 
NZ HYDC transmission system in Chapter 9. In this case the length of the cable was 
small in relation to the skin depth and therefore an infinite length model could not be 
applied. 

3.5 Infinite Length 'fransmission Line Models 

A summary of existing infinite length transmission line models is presented in the 
following sections with implementat ion details for those models which were employed 
during this project. 

It should be noted that the parameters of an infinite line can also be calculated 
by integrating the field contributed by each electric a.nd magnetic dipole (determined 
using a finite line model from Section 3.6), along the infinite line. However such an 
approach is computationally expensive. 

3.5.1 Exact Model 

The Exact model is so named becanse it completely a.nd uniquely satisfies Maxwell's 
equations for the field aronnd an infinitely long conductor para.llel to a homogeneous 
earth. The only approximations in this analysis are the thin wire assumption and 
the simplified representation of the conductor and earth. A discussion of the Helds 
around the transmission line and the modes of propagation that it can support has been 
presented in Section 3.3.2. In the sections that follow the derivation, implementation 
and physical interpretation of the model is discussed. 

3.5.1.1 Derivation and Evolution 

Wait (1972), and Wedepohl a.nd Efthymiadis (1978) have independently derived 
expressions for the exact fields · around an earth return transmission line. The resul
tant equat ions are equivalent (Olsen and Pankaskie, 1983), however Wait (1972) has 
expressed his result in a simpler form. The author has chosen to use simplified versions 
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of Wedepohl's equa.tions during this project as detailed notes on the derivation and nu
merical im plementation of the model are available, together with extensive numerical 
examples (Efthymiadis and Wedepohl, 1978). 

Following the derivation of Wedepohl and Efthymiadis (1978), the elect romagnetic 
field in the air and earth is assumed to be t he sum of a complementary pair of Transverse 
Electric and 'rransverse Magnetic waves propagating exponentially along the line. To 
ob tain a solution, continuity of the fields at the air-earth interface is applied. T his 
yields integral equatio ns for the electromagnet ic field components in the air a nd earth 
in terms of the as yet unknown propagation constant, i.e. equations (3 .15) and (3.16) 
fo r the axial component of the electric fie ld . 
For y > 0 

Ez(x, y, z, t) = 

+ (3 .15) 

For y ~ 0 

(3.16) 

Where 

Ko(u) = modified Bessel function of the second kind of order 0 of the complex 

Aa = J"f2 JWfLatna2 

A~ = J"f2 - JWJ.L~me2 

ka = }0:2_ Aa2 

k~ .:;. }0:2_ ,,\~ 2 

When the permeability of the air and earth are equal (J.L~ = J.La) 

(3 .17) 

and the equations reduce to Wait's res ult . 
Valid propagation constants are determined by requiring continuity of the axial 

component of the electric field at one point on the conductor surface, E: ::::: Ez(x ::: 
;l\~, y == Yc - ac) . The external field must equal that within the conductor d\le to its 
interna.l impeda.nce. Wedepohl and Efthymiadis (1978) assume that t he conouctor is 
ideal and therefore require that the surface field be zero, but lossy conductors may be 
represented by requiring that the field be finite , A solution for the propagation constant 
is found by calculating the snrface field fro m the conductor parameters (see Chapter 8) 
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and then using an iterative algorithm to vary the propagation constant until equation 
(3.15) matches this value. 

Tbe Exact model has been extended to include multicondtlctor transmission lines 
(Wedepohl and Efthymiadis, 1978) and layered media (Kuester et al., 1981). Multi
conductor line models are constructed by superimposing the fields induced by each 
conductor. Conductors are modelled as filamentary currents in the Exact model, con
sequen tly proximity effec ts are not represented. Therefore this method should only be 
applied to lines for which the conductor radii are slllall compared to the free space 
wavelength, the height of the conductors and the inter-conductor spacings (Bridges ct 
al., 1988). 

On a multiconductor line of n conductors there will in general be n transmission 
line modes of propagation (there may also be additional discrete fast wave propaga
tion modes and continuous spectra radiation modes). In addition to the propagation 
const ant of each discrete transmission line mode, there is an associated modal current 
distribution on t he conductors which together with the propagation constant sat isfies 
the Ez field boundary condition on all conductor surfaces simultaneously. 

In an electrically linear multiconductor system the E:: field at a conductor surface 
E; is the sum of the fields due to each conductor in the line. As the E:: fi eld induced by 
a conductor is a linear function of the current, the n simultaneous boundary conditions 
can be expressed as matrix equation (3.18) (Wedepohl and Efthymiadis, 1978). 

(3.l8) 

Where 

[E;:~.rl] = (n X n) matrix of external axial surface electric fields per uni t current 

(Ie) = (n X 1) vector of conductor currents 
(E;) = (n x 1) vector of axial electric fields on the conductor surfaces 

E""'[i J'J E [E""'] Z,1>' z,u 

= external axial electric field that exists at the position of the surface 
of conductor i, in t he absence of all conductors apart from j, per unit 
current in conductor j, calculated using equat ion (3. 15) (V.m- I.A-1 

1,li] E (I,) 
= current in conductor i (A) 

E;[i] E (E;) 
== total axial electric field on the surface of conductor i (V.m-l) 
= 0 for lossless conductors ( Pc = 0 ) 
::j; 0 for lossy conductors ( Pc > 0 ) 

As the internal fields are linear functions of the conductor current , they may also 
be expressed as the product of an axial electric field matrix per unit current a.nd the 
conductor currents as shown below. 

(3.l9) 

Where 

[E;:~·t] = (n X n) diagonal matrix of internal axial surface electric fields per unit 
current (V .m- l.A -1) 

E~,i'll[i J'] E [E~,inll 
_,1>' Z,U 

= axial electric field that exists on the surface of a cond uctor due to 
internal current flow for i = j. Models for determining this field are 
described in Chapter 8 (V.m-l.A- I) 

= Ofori::j;j 
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Suhtracting equation (3 .18) [rom (3.19) yields, 

[E,j(I, ) ~ (0) (3.20) 

Where 

[Ed ~ [E::~"l - [E::~"l (Y.m-' .A-') 
(0) ::: zero vector 

The resultant equatiO(l, for either loss less or lossy conductors, is a general eigenvalue 
equation. Solution of this problem is difficult as each element of [Ed is an integral 
equation of the unknown propagation constant. Valid propagation constants are found 
by forcing the determinant of [Ed to zero using an iterative, algorithm. Once the 
propagation constant of a mode has been calculated the corresponding current vector 
(Ie) may be found by arbitrarily specifying the current in one conductor and solving 
equation (3.20) for the others. 

Equation (3.20) can be rewritten as a generalised transmission tine equation for 
the discrete propagation modes when the permeability of the air and earth are equal 
(Wait, 1972; Bridges et al.~ 1988). 

Where 

[ZpJ = (n X n) primitive series impedance matrix 
[YpJ = (n x n) primitive shunt admittance matrix 
[OJ = (n X n) zero matrix 

(3 .21) 

The elements of [ZpJ and (Ypr' are defined by the following integral equations of 
the propagation constant (Wait, 1972). 

Zp[i,jj ~ 

Yp -'[i,jj ~ 

Whet'e 

Zilldi~jl 

JW/,. (I '( ') + ~Ko JA.y(X - Xi) + Y - Yi) 

~~'Ko (JA.V(X - Xi)' + (y + Vi)') 

JW/,·looeXP [-k.(Y +Yi)j [( )jd + - - k k cos 0- X - Xi 0-
11' 0 'a + 'e 

2 
1 ,Ko (JA'V'(X---X-i)""'-+-(-Y---V-i)-;;') 

7rUta 

2 
1 ,Ko (JA.V(X - Xi)' + (V + v;J') 

7r1na 

1 loo exp[- k.(V + Vi)j [( )j d + - cos Ct' X - Xi Ct' 
7r 0 7na'lke + me'lk", 

Zpl;, jj E [Z pj (l1.m-') 

(3.22) 

(3 .23) 

Zint = (n X n) diagonal matrix of internal self impedances of the conductors 
(n .m-' ) 

Zillt[i,j} E [Zj"tl (n .m- I ) 

Yp -'[;,jj E [Ypr' (5.m-') 
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(x,y) 

(x;,y;) 
(x j ,Yj) 

::::: co-ordinates of the point at which the field is evaluated (Ill) 
::::: (Xj,Y; - ad, For i :; j 
:; (xjtYi), For i f:. j 
= co-ordinates of the centre of the inducing conductor i (m) 
= co-ordinates of the centre of the induced conductor j (Ill) 
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The circuit parameters obtained are only valid when the aerial line supports the 
mode of propagation corresponding to the propagation constant inserted into equations 
(3.22) and (3.23). Other modes will have different propagation constants in general, 
and therefore different modal field distributions and conductor parameters. 

As the proximity effect has been ignored during the derivation of this model, dif
fe rent values will be obtained for Zp[i,jj and Yp[i,j] depending on the particular point 
(x,y) on the induced conductor's surface at which the field is evaluated. When calculat
ing mutual parameters (i :f j) the field is usually calculated at the centre of the induced 
conductor to provide a reasonable estimate of the average value over the surface. Self 
parameters must be evaluated at the surface of the inducing conductor as the primary 
wave due to the filament representing the conductor is infinite at the centre (Wedepohl 
and Efthymiadis, 1978). The field is therefore evaluated at the point (Xj,Yi - ad one 
radius below the centre. 

As the media are isotropic the matrices are symmetric and therefore only t hose 
elements on or above the leading diagonal need to be evaluated. 

The circuit parameters of each mode of propagation on a transmission line may he 
calculated direct ly using a method proposed by Wedepohl and Efthymiadis (1978). This 
method does not require that the air and earth permeabilities be equal, and therefore 
is more general than the previous method derived by Wait (1972). 

The first step of this procedure is to determine the characteristic impedance (Zo) 
for tbe given mode of propa.gation. Zo is defined as the instanta.neous ratio of voltage 
to current at -a fixed point when the mode of interest is the only wave propagating 
along the line (Ramo et at., 1984). Once the propagation constant I and the conductor 
current distribution (I,;) have been calculated by solving equation (3.20), the modal 
field distribution around the transmission line can be evaluated. The characteristic 
impedance is determ.ined by integrating the iJ component of the electric field (Ey) from 
-00 to a point on the surface of a conductor, then dividing by the conductor current 
as shown in equation (3.24). 

f
Yi-a; 

Zo ~ -00 E, dy /ldi] (3.24 ) 

Where 

Ey:::: iJ component of the electric field due to the current distribution (I,;) travelling 
along the line with propagation constant I 

[n practice the integration need only be performed to a finite depth, where the 
contribution of the remaining Ey field is negligible (Wedepohl and Efthymiadis, 1978). 

The modal series impedance and shunt admittance are calculated using equations 
(3.25) and (3.26), and the entire process repeated to obtain the parameters for aU 
propagation modes. 

Where 

,Zo , 
Zo 

(3.25) 

(3.26) 
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Zmod3[ = modal series impedance (n.m- I) 
Y,nodal = modal shunt admittance (S.m- I) 

3 .5.1.2 Implementation 

During this project algebraically simplified versions of the multiconductor equa
tions of Wedepohl and Efthymiadis (1978), extended to include lossy conductors, were 
implemented. A program was developed to calculate: modal propagation constantsj 
electric and magnetic fields, scalar potential and magnetic vector potential both above 
and below groundi transmission line parameters. 

The calculation of these quantities requires the evaluation of integrals of oscilla
tory functions over infinite ranges which call not be performed analytically in genera.l 
(e.g. equations (3.15) and (3.16)) . Automatic integration algorithms (de Boor, 1971; 
Piessens et at., 1983) have been used during this project to evaluate these integrals 
numerically. By integrating between integrand zeros with adaptive error control based 
upon knowledge of the function, partitioning the integral at points of difficulty and ex
trapolating the integrals over each cyde of the integrand, the integrals can be evaluated 
efficiently and reliably. Particular care was taken over the selection of the integrator 
tolerance and computer coding of the integrands to minimise error. Such precautions 
are necessary to ,prevent divergence of the iterative propagation constant algorithm due 
to integration noise. 

Muller's method with deflation has been used during this project to calculate the 
propagation constants, with initial values selected around the lossless value. Con-
vergence to the transmission line propagation mode was rapid and stable. 

3.5.1.3 Physical Interpretation 

The field in the air around a single conductor transmission line, as determined 
using the Exact model, may be considered to consist of three components (Wedepohl 
and Efthymiadis, 1978): 

• a direct field from the conductor 

• an image field, or reflection from the air-earth interface 

• atld a ground fieJd which represents the effect of the lossy earth. 

This can be dearly seen in Equation (;1.l.5) for the axial electric field in the air, which 
can be decomposed into a function of Tc alone, a function of Tj alone and an integral. 
Unfortunate.ly litt le insight can be gained illto the physical mechanisms that produce 
the ground wave due to the complexity of the mathematics. 

The conductor and image fields cancel exactly at the air-earth interface, therefore 
the field at the interface is dependent solely on the ground field. When the earth is 
lossless the ground fie.ld is zero and the field reduces to that of the conductor/image 
system described in Section 3.3.1. 

3.5.2 Carson's Model 

In 1926 Carson and Pollaczek independently derived equations fo r the fields induced 
in the air and earth by an aerial conductor, based upon the Quasi-TEM wave propaga
tion approximation. F'ollaczek also derived expressions for the fields induced within the 
air an(1 earth by a bllfied conductor while Carson determined the propagation constant 
of an aerial line. 
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Although both Carson and Pollaczek used the Quasi-TEM approximation to derive 
expressions for the fields around transmission lines, their equations are not equivalent. 
PoUaczek's expression for the magnetic vector potential may be reduced to Carson's by 
making further mathematical approximations (Pen and Raghuveer, 1974b). The ex
pressions for the axial electric field in the air differ as Pollaczek ignored all propagation 
effects while Carson included the contribution due to the axial variation of conductor 
potent ial. 

Historically Carson's equation has been more widely used than Pollaczek's, therefore 
the following discussion has been based upon Carson's model. 

3.5.2 .1 Derivation a nd Evolution 

Carson studied a simplified system based upon the idealised single conductor trans
mission line shown in Figure 3.1. He assumed that the permeability and permittivity 
of the homogeneous earth equalled those of the air (j.te = j.ta and ~e :=::: ~a), and that the 
conductor was thin and supported a single exponential mode of propagation. Further
more the modal propagation constant was assumed to be very small, so that the axial 
variation of the co·nductor and earth currents could be neglected during the calculation 
of the fields induced by these currents. 

Carson's derivat ion proceeded as follows. The axial electric field Ez within the earth 
was expressed as a general solution of the wave equation. Carson assumed that the 
transverse components of the electric field (Ez and Ey) within the earth were negligible 
in comparison to Ez . Formulas for the transverse magnetic fields (Hz and HII ) in the 
earth were then written in terms of E:; alone. The magnetic fields (Hz and JIll) in the 
air were formulated as the sum of a general solution of the wave equation (similar to 
those for the fields within the earth) and a direct field from the conductor (assuming 
that it was infinitely thin and carried a uniform current). Axial (z) components of 
the clisplacement current in the air were neglected during this calculation. Continuity 
of Hx and HII at tbe air~earth interface was applied to solve for the unknown weight 
functions in the general solutions for E:;, Hz and HII below ground and Hz and H1I in 
the air. The resultant equation for E: in the earth is given below. 

Ez(x, y, z, t) :::; 

Jwj.ta1e(z,t) loo exp [yJoi1 + JWj.t".!Pe - aYe] 
- -~-~~ 

7r 0 a + Jex'l + Jwj.ta! Pe 
(3.27) 

The axial electric field in the air was calculated using the relationship that the field 
is proportional to the sum of the temporal variation of the magnetic vector potential 
and the spacial variation of the scalar electric potential. Using this identity, Carson 
<Ierived a difference equation between the axial field E1; at a point in the air and a second 
point on the surface of the earth directly below it. The vector potential component 
of this equation was expressed in terms of the known magnetic field, while the scalar 
potential term reduced to the variation of the potential at the point in the air as the 
surface of the earth was assumed to be at zero potential. Rearranging this expression 
and inserting equation (3.27) evaluated at the surface yielded the following explicit 
equation for Ez in the air. 

Ez(x, y, z, t) = Jw~.l,(z, t) loo ~ex-,-p7[-S'Q"!(Y~+"'Y""!f)J"", [( )J d _. cos ex X-Xe a 
11" 0 0: + Jex'l + JWj.ta! Pe 

Jw~.l,(z, t) In (T') 
211" T e 
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a 
fJzV(x,y,z,t) (3.28) 

Where 

V(x,y,z ,t) = scalar potential at point (x,y,z) and time t (V) 

The propagation constant and characterist ic impedance of the wave were calculated 
using distributed circuit t ransmission line theory. However before this theory could be 
applied it was nec.essary to calculate t he series impedance and shunt admittance of 
the line per unit length . The series impedance (Zs) was derived using the relat ionship 
that the external axial electric field (E.;) equals the product of the conductor current 
and internal impedance UcZintl at one point on the surface of the conductor (x = 
:1:.: . y = Yc - a,;:). By rearranging this equality and comparing it with the relationship 
IcZs = - /zVc, Carson derived the following equation for Z5' 

+ 

+ (3.29) 

The shunt admittance of the line was determined by assuming that the surface of 
the earth was the zero equipotential surface. This analysis yielded equat ion (3.12) for 
the shunt admittance. 

Equations (3.13) and (3 .14) were t hen used to calculate the propagation constant 
and characteristic impedance of the lossy line . 

The sallie method may be used to solve for the modal propagation constants and 
characteristic impedances of multiconductor lines . In this case however the terms of the 
equation are square matrices [Zp] and [Yp] containing both self and mutual elements. 
Square root functions are not defined for general matrices however, and it is necessary 
to resort to eigenvalue analysis to solve the equations. This process is discussed in 
greater detail in Chapter S. 

All Quasi-TEM models share the same definit ion for the self and mut ual admittance 
of the conductors ( equations (3.12) a.nd (3 .10)). Therefore in this section and the 
following sections dealing with Quasi-TEM models the discussion has been restricted 
to the impedance fo rmulas which vary between models. 

The mutual impedance Zm between an aerial line and a parallel aerial conductor is 
defined by Carson to be : 

the axial electric intensity at the axis of the second wire due to the varying 
magnetic field of unit current in the first wire and its accompaning distri
bution of ground current. 

By convention the sign of the mutual impedance is opposite to that of the axial electric 
field. This relationship is expressed mathematically in the following equation, which 
holds for all Quasi-TEM models. 

& 
Ez(x, y, z , t) = -Z,u(x, y)Ic(z, t) - OZ V(x, y, z, t) (a.;30) 

Comparing this relationship with equation (3.28) yields the following equation for 
the mutual impedance. 
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JWM' ln (Ti) 
211' rc 

+ JW~'l= exp[-a(y + y,)J [ ( )J d -- cos a- x - Xc a-
11' 0 a- + Va-2 + JWJ-ta/P" 

(3.31) 

The first term of equatioll (3.31) is the mutual impedance in the presence of a 
perfectly conducting earth equation (3.9), while the second term is known as the Carson 
correction as it corrects for the effect of lossy earth. 

Carson defined two real functions Pcanon(R,9) and Qcarsoll(R,9) which represent 
the real and reactive parts of the complex correction integral respectively. lnsel'ting 
these functions into equation (3.31) yields: 

Zm(X, y) = 

Where 

JW~. In (.'!.) 
211' rc 

+ Wf.'a (Pcarsoll(R,9) + )Qcarsou(R,9)) 
• 

P<:arsou( R, 9) = real Carsori co rrection term 
Qcarsou( Il, 9) = imaginary Carson correction term 

(3.32) 

R = variable of Carson's infinite series which is the radial separat ion 
between the induced conductor and the image of the indllcing con
ductor scaled by a factor of J2 times the skin depth of the earth 

= Jw~a Ti 

o ::: variable of Carson's infinite series which is equal to the angle be
tween a vertical plane through the inducing conductor and the plane 
containing the inducing and induced conductors 

= arctan (X - Xc) 
y+ y<: 

Where the following series is used to evaluate P<:ar!Joll( R, 9) and Qcar!Joll( R, 9). 

Qcarson(R,O) 

8 
- b,,~on( I )Rl c05(10) 

+ b,,=on(2)R' [(c,~,,(2) - In(R)) co5(20) + 05in(20)J 

+ bCa r!JOIl(3)R" cos(39) 

- dc&l'Sou( 4 )R4 cost 49) 

- bcarson(5)R" cos(,1)9) 

+ b","n(6)Jt [( c,,~on(6) - In( R)) c05(60) + 85in(60)J 

+ bcarson(7) R1 cos(70) 

- d"mn(8)R' c05(80) 

+ ... 
~ [In (~) - Eule' + ~l 
2 R 2 

+ bcarsoll(l)Rl cos(10) 

- d,~o,,(2)R2 c05(20) 

(:3.33) 
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+ b"~,,,(3)R3 c05(39) 

- bw ,",,( 4)R4 [( c,"~o,,( 4) - In( R)) cost 49) + 9 'in( 49)) 

+ bcarson{5}R5 c05(50) 

- dcarson(6 )R6 c05(60) 

+ b,=",(7)R' c05(79) 

- b"no,,(8)R' [( C'M,o,,(8) - In( R)) cos(89) + 9 'in(89)[ 

+ ... (3.34) 

Where 

12 
bcarson{ n) ::::: ""6 

I 

16 
_ . sign(n) 
- bcarson(n - 2) n(n + 2) 

5 
Ccarsou(n) ::::: 10(2) - Euler + '4 

For n ::::: 1 

For n ::::: 2 

For n > 2 

For n::::: 2 

I I 
::::: ccarson{n - 2) + - + -- For n::::: 4,6,8, ... 

n n +2 
. ~ 

dcarson(n) ::::: bcarson(n)4" 

Euler ::::: Euler's constant 
::::: 0.577215664901532 ... 

sign(n) ::::: +1 
= - I 

For n ::::: 2,4,6, ... 

For n::::: 1, 2,3,4,9,10,11,12,17, . . . 
For n::::: .,),6,7,8, 13, 14, 15, 16,2t , .. . 

Unfortunately the above series are slow to converge when R > 5 and therefore the 
following asymptotic series a.re generally used . 

cos(9) 12005(29) c05(39) 
- R- - RZ + R3 

+ 3 cOS~50) _ 45 C05
7
(70) + ... J 

R R 
(3 .35) 

cos(9) (05(39) ----n:- - J{l 

+ 3 c05(59) 45 cos(79) J 
R5 - n1 + ... (3.36) 

The assumptions made during the derivation of Carson's equation are essentially 
those of the Quasi-TEM theory (Sect ion 3.3.3) with the addition of a. homogeneous earth 
with a permeability and permittivity equal to that of free space. As the permeability 
of the earth is typically unity (Vance, 1978) and the fields are not very sensitive to the 
permit tivity of the earth, the major restrictions on the use of Carson's equation arise 
from the Quas i-TEM propagation assumption. Cohditions under which this assumptio n 
is valid have been discussed in Section :3.3.:l. In general Carson's equation is valid for 
low frequency studies where the conductor is not in close contact with t he earth (Olsen 
and Panka.skie, 198:l). 

Numerous extensions have been made to Carson 's model since 1926. The major ity 
of these extensions were simply relaxations of the permeability, permi ttivity and ho
mogeneity restrictions whilst others provided alternative derivations or mathematical 
simplifi cations to improve accuracy or computational speed. 
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Wise (193 1) was the first to incorporate the effect of the permeability of the earth 
into Carson's model. It has heen inchlCled in many Quasi-TEM models derived since 
(Mullineux and Reed, 1965; Wedepohl and Wa:;ley, 1966; Nakagawa ct al., 1973; Perz 
and Raghuveer, 1974b; Nakagawa and Iwamoto, 1976). 

Wise also included the effect of displacement cllTrents in the earth on the mutual 
and self impedances (Wise, 1934) and the potential coefficients (Wise, 1948) for a unity 
permeability earth. It should be noted that the inclusion of displacement currents in 
a Quasi-TEM model does not make it equivalent to the Exact model as only axial 
{lisplacement currents are considered, the wave is still assumed to propagate withollt 
attenuation when calculating the fields. Quasi-TEM models which incorporate both 
the permittivity and permeability of the earth have also been developed (Wedepohl 
and Wasley, 1966; Nakagawa et al., 1973; Perz and R",ghuveer, 1974b; Nakagawa and 
Iwamoto , 1976). 

To improve the accuracy of calculated impedances many researchers developed mod
els in which the earth was represented by a strat ified structure. Two layer models were 
developed by Evans (1930), Sunde (1949), Wedepohl and Wasley (1966) and Nakagawa 
et (11. (1973). Sunde (1949) also developed a multi-layer model while Wedepohl and 
Wasley (1966) described how their technique could be used to derive more complicated 
models. Nakagawa et ai. (1973) derived a three layer model for the earth and later 
extended it to a multi-layer model (Nakagawa and Iwamoto, 1976). 

Of aU the stratified models Nakagawa's mult i-layer model is potentialJy the most 
accurate as it can approximate complicated earth structures in detail and it includes the 
effect of the permeability and permitt ivity of the earth (Nakagawa and Iwamoto, 1976). 
Nakagawa's equation can be reduced to the two layer model derived by Wedepohl et (Ii., 
Wise's homogeneous earth model with displacement currents and Carson's equation. 
The equations for this model are given below. 

Z",(X,y) = J~~. [In C:) + J".ka(x,y)] (3.;)7) 

Where 

Jnaka(X,y) = Correction integral of Nakagawa's multi-layer mutual impecianee 
model 

2 roo F"ai<a( I) + G".ka(l) 
10 (a +J.tabllaka(I))~laka(l) + (0 J.t"bllaka(I))Gnaka(l) 

X exp [-(y + yc)"J C05["( X - xo)J cia 

(bnaka.( n) + bna.ka( It + 1)) ~laka(n + 1) 
+ (bnaka(n) - bnaka(n + 1)) Gnaka(n + 1) 

x exp(2c11a ka(n+ l)dnaka(n)) 
For 1 ::; n ::; mllaka ~ '2 

= bnaka( muaka - 1) + bllaka( mnaka) 
For n = rnllaka, - 1 

Gllaka(n) = [ (bnab(n) - bnaka(n + 1)) Fnaka(n + 1) 

= 

+ (b" ... (n) + b".ka(n + 1))G""",,(n + I) 
x exp (2cllaka( n + 1 )dlla.ka( n)) 

X exp (- 2cnaka( n )~,aka( n)) 
For 1 ~ n ::; mlla.ka. - '2 

(bllllka,(mnaka - 1) - bllaka(mnab)) 
X exp (-'2clla.ka.( mnaka - 1 )dllaka( mnaka - 1)) 
For n = r/tnaka - 1 

Cna.ka.( n) 

J.ten 
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Forn:::;::: 1,2, . . . 77tnaka 

/0:2 + k~ k;n 
Forn = 1,2, ... 77tnaka 

(lnaka( n) = distance between the air-earth interface and the interface between 
the nand (n + 1) layers of the earth (m) 

mllaka = number of laye,rs representing the earth . The layers are numbered 
from the top down. 

ka :; wave number of the air 

- }Wlj,a (pla + Jw£a) 

ken wave number of the n'th layer of the earth 

_ JW/Len (_1_ + JWf.e ll ) 

Pon 
For n = 1,2, ... 1nuaka. 

/-Len permeability of the n'th layer of the earth (H.m- l ) 

fen = permittivity of the n'th layer of the earth (F.m- I ) 

pen = resistivity of the n'th layer of the earth (n.m- 1) 

The models discussed in this ~ection give the mutual impedance between parallel 
wires which are also parallel to the smface of the earth. Krakowski (1967) derived 
a Quasi-TEM model for the mutual impedance between an infinitely long conductor 
and a finite conductor wh.ich are both paraliel to the earth but not parallel to each 
other by integrating the component of Carson's mutual impedance along the axis of 
the finite conductor. This model is signi-fi cant as in practice telecommunications circuits 
rarely parallel high voltage transmission lines. The case where the conductors are not 
parallel, either to themselves or to the earth has also been investigated by integrating 
t he components of Carson's mutual impedance and admittance along the path of the 
conductor (Ametani and Aoki, 1989). This approach is not strictly valid however as 
Carson's equations are only valid for infinite length inducing conductors which are 
parallel to the earth. 

The Quasi-TEM models although less complicated than the Exact model are not 
easy to evaluate as they require either the integration of oscillatory integrand func
tions over infinite intervals, or the sum of infinite oscillatory series (Carson, 1926; 
Pollaczek, 1926; Wise, 1931; Wise, 19:14; Krakowski, 1967). To overcome this diffi
culty many researchers have developed approximate functions based upon truncation 
of the infinite series (Sunde, 1949; DOlllmei, 1985). Unfortunately these equations are 
frequently inaccurate over the wide range of parameters encountered during telecom
lllunications interference stlldies. 

Since the introduction of digital computers it has become practical to evaluate the 
integral equations numerically (Mullineux and Reed, 1965; Wedepohl and Wasley, 1966; 
Nakagawa et al., 1973; Pen and Raghuveer, 1974b; Nakagawa and Iwamoto, 1976), pro
viding accmate results for all parameter ranges. Nevertheless the numerical evaluat ion 
of integrals is computationally expensive especially when high accuracy is required. 

In an effort to improve the accuracy and efficiency of the evaluation of Carson 's 
equation for inductive interference studies, Tevan and Deri ( 1984) derived the following 
correction series which is added to the asymptotic series (equations (3 .35) and (3.36)) 
when (} > ~ and R> 5. 

Z ( ) JW~. (Ti) WI'-. [ mX,y =-,-In ~ +--
2Jf To; if 
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Pcano.,( R, 8) 

+ JQcarson(R,8) 

Vi exp(2s t "van) (l - 3 15 105 -)] (3 ,:J8) + 
4 Jsrevan 16stevan 1':12 2 8192s¥evAn ,) Stevan 

Where 

Stevan -;::: complex variable of Tevan and Deri's correction for Carson's asymptotic 
series. 

Recently an accurate and efficient piece-wise curve fitting approximation to Car
son's equation was developed for use in harmonic. penetration studies ( Daza, 1988; 
Cameron et al., 1990). Although this model is not strictly a Quasi-TEM model it is 
included here as it has been fitted to Carson's equation and therefore is suhject to the 
same limitations. The model is based upon the following simple approximations for 
Pcarson(R,8) and Qcanon( R,8) . 

Where 

Pcarson( R, 8) 
Qcarsoll(R, 8) 

Sacha - tacha R 

Uacha - Vacha In ( R) 

Sacha. tach", Uacha) Vacha -;::: piece-wise cu rve fitted coefficients of Acha's model 

(:l,:J9) 

(:l.40) 

The coefficients of equations (3.39) and (3.40) were evalua.ted for R over the range 
from 0.5 to 12 in steps of 0.5 (with an additional point at R -;::: 0.2 ) and for 8 from 0 
to 90 degrees in steps of 15 degrees. To apply ·t his model the user calculates Rand 8 
and then selects the row in Table A.l (Ap pendix A) with the closest R value to that 
calculated . Linear interpolation is then used between the two sets of coefficients in the 
row that bracket the calculated 8 value to est imate the coefficients at that angle. Finally 
the interpolated coefficients are inserted in to equations (3.39) and (3.40). The relative 
error of these formulas with respect to Carson's model is less than 3%. T hese fo rmulas 
are faster to evaluate than either Carson 's equation or t he Complex Penetration model 
(Section 3.5.3) (Daza, 1988; Cameron et al., 1990). 

3.5.2.2 Imple m e ntation 

Due to the conflicting requirements of high accuracy, the need to be able to model 
earth structures in detail , and high computational speed, a variety of Quasi-TEM 
models were implemented during this project. 

The mutual impedance integrals of Carson (Equation (3.31)) and Nakagawa (Eqna. 
t ion (3.37) ) are similar in fo rm to those of the Exact model and were evaluated ntlIller
ically llsing the adaptive integration algorithms discussed in Section 3.,) .1. In practice 
only Nakagawa's model was implemented as it reduces to Carson's integra.! for a single 
layer earth. 

Carson's infinite series formulas (Equat ions (3 .32), (3.:33), (3.34)) were evaillate_d 
llsing a loop algo rithm to sum terms of the series until convergence was detected, as 
suggested by Dommel (1974). Groups of four terms were evaluated until the magnitUde 
of the last group fell below 1O-14 x the runni ng total. Double precision arithmetic 
(sixteen significant digits) was used to minimise the round-off error that results from 
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summing oscillating series terms. A maximum of eighty eight terms could be summed, 
which was found to be sufficient to calculate the impedances to an accuracy in excess 
of five significant digits for 0 :$. R -;; 20 and 0 :S 8 '$ -I. The coefficients of the series 
were calculated in advance. Recursive definitions of the coefficients and trigonometric 
identities were utilised to improve the efficiency of the computation. 

The asymptotic series ((3.35) and (3 .36)) were evaluated by direct encoding of 
the series for terms up to and including -/i: . Additional terms were not included as 

they reduce the accuracy of the results in general as the series are oscillatory and 
divergent. The truncated series were found to provide optimum accuracy over the 
range 0 :::; R :::; 20 and 0 :::; () :::; I. More accurate results can be obtained by including 
lIlore terms when R is lq,rge as the point at which the series diverges increases with R 
however the author did not exploit this behaviour in his implementation. 

To improve the acc'olracy of the asymptotic series the correction series derived by 
Tevan et al. (Equation (3.38)) was applied when R > %- This series is also divergent 
a.nd was truncated after the first term as this provided optimum accuracy over the 
range 0 :::; R :::; 20 and 0 :::; () :::; I when combined with the truncated asymptotic series. 

Acha's curve fitting model (equations (3.39) and (3.40)) was implemented using 
a table look up and linear interpola.tion algorithm operating on the fixed coefficient 
tables. 

3.5.2.3 P hysical Inter p r etation 

The Quasi-TEM (Equations (3.31) and (3.37)) and Exact models (Section 3.5.1) 
share the same physical interpretation. In both cases the fields can be decomposed into 
a direct component from the conductor, an image component due to reflection from 
the air-earth interface and a ground component due to current flow within the earth. 

It is difficult to gain an understanding of the physical phenomena which give rise 
to the ground field from the correction integrals. However Acha)s approximations to 
Carson)s equations offers some insight as to what might be the dominant effect. Equa
tion (3.39) suggests that for small perturbations of R the resistive component of the 
correction is approximately linearly proportional to R while the inductive correction is 
proportional to In(R), where R is the radial separation between the inducing conduc· 
tor and the image of the induced scaled by a factor of..j2 times the skin dept h of the 
earth. As the induction from a current filament varies as the logarithm of the radial 
separation, this approximat ion suggests that the inductive component of the correct ion 
may be approximated by an image which is a factor of v'2 times the skin depth fur· 
ther away than the lossless image. It should be noted however that the coefficients of 
the approximat ion equations are not constants and therefore this interpretation is not 
strictly valid. This conc.ept is discussed further in Chapter 4. 

3.5 .3 Complex Penetration M o del 

The Complex Penetration model (or Duhallton model) was developed by Ball et al. 
(Bannister) 1970) and Dubanton (Gary, 1976). Its name derives from the fact that the 
lossy earth is represented in this model by a perfectly conducting plane at a complex 
depth which is related to the skin depth or "de.pth of penetration» of current into the 
earth as shown in Figure 3.3. As this plane is perfectly conducting it can be replaced 
by an image conductor at a depth equal to the height of the inducing conductor above 
it (Figu re 3.3). The mutual impedanc.e is then given by (3.41) which is of the same 
form as the lossless mutual impedance formula (3 .9) except that in this case the radial 
distance to the image is complex. 
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(3.41) 

The power of the Complex Penetration model lies in the simple dosed form ex
pression for the mutual impedance and t he. ge.ometric interpretation of this equation . 
This makes it possible to calculate earth return impedances on simple computing ma
chines and to formulate explicit expressions for the inductive influence of multiconduc
tor transmission lines using geometrica.i concepts (Semlyen and Shirmohammadi, 1982). 
It should be noted however that the complex image in this model is a computational 
convenience not a physical hypothesis (Semiyen, 1981; Bannister, 1986) . A physical 
interpretation of this model is presented latter in this section. 

3.5.3.1 Derivation and Evolution 

The original derivations of t he Complex Penetration model were not mathematica.lly 
rigorous (Olsen and Pankaskie, 1983). Oubanton's derivation was based upon intuitive 
reasoning (Gary, 1976), while Ball et al. used plane wave analysis to determine the 
complex depth of penetration (Bannister, 1970). Wait and Spies (1969) were the first 
to derive the Complex Penetration model in a rigorous manner. They took as their 
starting point t he integral equation for the axial electric field in space due to a conductor . . 
above a homogeous earth with t he permeability of free space and arbitrary permittivity 
which they simplified by applying the Quasi-TEM propagation approximation. To see 
if the integral could be approximated by an expression of the form of (3.41) they 
expanded the integrand in ter ms of a se ries, the leading term of which redllc.ed to 
(3.41) afte r integration when displacement currents in t he earth are ignored. The 
range of applicability of this approximation (relative to the full Quasi-TEM model) 
was then established by determining the conditions under which the remaining terms 
of the integrand could be ignored. 

Equation (3.41) was found to be valid when the Quasi-TEM propagation model is 
va.lid, and the observa.tion point is greater than approximately four times the skin depth 
of the earth from the inducing conductor (Wait and Spies, 1969; Bannister, 19K6). This 
is a particularly stringent requirement from a power system point of view as the skin 
depth at fifty Hertz with a one hundred ohmmetre earth is seven hundred and ten 
metres. Therefore in theory this model should not be applied to this case unless the 
observation point is further than two thousand eight hundred and forty mctres from 
the line. However in the immediate vicinity of the line the direct fie ld from the conduc
tors dominates, and therefore the fact that t he image component does not accurately 
represent the fi eld component due to current flow within the earth is irrelevant for 
observation points within one half of a skin depth of the line (Bannister, 1968; Ban
nister, 1986). It is in the intermediate region between one half and four times the skin 
depth that the accuracy of this model is poor. 

Numerous researchers have studied the error in equation (3.41) (Bannister, 1970; 
Gary, 1976; Deri et al., 1981; Oeri and Tevan, 1981; Semlyen, 1981; Metwally and 
Mahmoud, 1982; Semlyen and Shirmohammadi, 1982; Alvarado anel Betanconrt, 198:3; 
Olsen and Pankaskie , 1983; Tevan and Oeri, 1984; DomIllel, 1985; Banniste.r, 1986). 
The conclusion of these investigations is that for power line self impedance ca.iculations 
the maximum erro r is less than 3% while the maximulll error for power line interference 
calculations does not exceed 16% (Tevan and Deri, 1984). Where the error is defilled to 
be the ratio of the differe.nce betwee.n the real or reactive component calculated \Ising 
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VI = complex depth of penetration , 
= (1-))2 

{) = real depth of penetration (skin depth) 

- J2&. - WJLc 

r'j = radial separation between the observation point and the complex image con
ductor m 

+ V+Vc+ 2t!J· 

Figure 3.3. Replacing the Lossy Earth with a Complex Image Conductor 
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the complex penetration model and that of Carson's model, divided by the magnitude 
of the Carson impedance. 

Many extensions to the complex penetration model have been proposed. These 
extensions may be divided into two groups, improvements in the accuracy of the image 
<L[lproximation and improvements in the way in which the. e.arth is represented. 

The simplest way to improve the accuracy of the complex image theory is to add 
more terms of the series derived ~y Wait and Spies (1969). A numher of researchers 
have studied the improvement gained through the addition of the second term of this 
series (MetwaUy and Mahmoud, 1982; Alvarado and Betane.ollrt, 1983; Olsen and 
Pankaskie, 1983). Alvarado and Betancourt (1983) found that the error is reduced 
to less than 2.5% for power system applications. Unfortunately the addition of the 
correction term complicates the geometrical interpretation of the model, as this term 
corresponds to a tllultipole image at the same depth as the single image of Figure :3.3 
(Bannister, 1986). 

MetwaUy and Mahmoud (1982) also studied anulllber of image forms that are more 
accurate than the truncated Wait and Spies series. These forllls are combinations of 
discrete and continuous images. One of the forms proposed by Metwally et at. had a 
maximum error of less than 1%, bllt his error assessment tec.hnique differs from that 
used by Tevan and Deri (1984) and there fore can not be directly compared . 

The effect of the permittivity of the earth was incorporated in the complex penetra
tion model by Wait and Sp.ies ·(1969} , while Deri et al. ( 1981) added the permeability 
but excluded the permittivity dependence, 

During the course of this project the author derived (3 .42) which combines the 
permeability and permittivity dependence of the earth and the first correction term 
of the series derived by Wait and Spies (1969) into a single equation . This equation 
was derived by reducing Wedepohl's Exact model for differing air/earth permeabilities 
using the method developed hy Wait and Spies (1969). It reduces to the forms given 
by Wait and Spies (1969) and Olsen and Pankaskie (1983), however it differs from the 
expression derived by Oeri et al. (1981). 

Where 

( = VJWI', (;, + JW,,) 
The complex penetration model has also been extended to include stratified earth 

structures (Oeri et at., 1981; Mahmoud and Mohsen, 1985) . Deri et al. (1981) <Ievel 
oped a continuously stratified earth model. It has bee.n found that the complex image 
methods only approximate one part of the full solution for the fields above a stratified 
earth structure (Mahmoud and Mohsen, 1985), regardless of the number and fonn of 
the image representation. In particular the component of the solution associated with 
the lowest subsurface and the wa.veguide modes that exist in a ~tratified earth are not 
included. The waveguide modes may be ignored when the displacement currents in the 
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ea.rth are small in relation to the conduction current, whkh is normally the case at 
power system frequencies. If they are significant then they can be added to the solu
tion ohtained from this method (Mahmoud and Mahsen, 1985). It should also be noted 
that the accuracy of the st ratified earth complex penetration model is poor unless the 
separation frotH the line is greater than four times the skin depth in each layer of the 
earth ( Bannister, 1986). 

3.5.3.2 Implementation 

The simple closed form expressions for the mutual impedance according to the 
complex penetration model ((3.41) and (3.42)) were evaluated directly during the course 
of this project. 

3.5.3.3 Physical Interpretat ion 

The complex penetration model appears to offer a simple physical equivalent for the 
conductor earth system consisting of the conductor and a single image located in air 
as shown in Figure 3.3. Unfortunately complex dimensions have no physical meaning, 
and therefore in reality little physical insight into the mechanisms of induction can be 
gained from this. 

Equation (3.4 1) may be. rewritten as 

(3.43) 

The first term of (3.43) represents the mutual resistance and the subsequent terms 
the mutual inductance. This form does not provide any insight into the mechanism 
producing the resistive component; however the inductive component is equiva.lent to 
that from the three conductor system shown in Figure 3.4. The implicat ion is that at 
large distances from the liIle (greater than four times the skin depth 6) the distribution 
of the current within the earth that is in phase with the conductor current is accurately 
approximated by the pair of filamentary current sources shown in Figure 3.4. 

3,5,4 Conductor Element Model 

Calculating the fields around a conductor above the earth is difficult due to the 
complexity of the problem of determining the current distribution within the earth. 
Solutions to this skin effect problem discussed thus far have been based upon Exact or 
approximate solutions of Maxwell's equations for semi-infinite earth structures. The 
Condlll."tor Element method (Hartenstein ct al., 1972) described in this sec.tion utilises 
a different approac.h based upon a ql\a.ntised physical approximation of t'he earth. 
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rn = radial separation between the observation point and the fi rst earth return 
conductor (Ill) 

~ V(x xd 8)" + (y + y, +6)' 
rr2 = radial separation between the observation point and the second earth return 

conductor (Ill ) 
~ V(x x, 6)'+(y+y,H)' 

Figure 3.4. Complex Penetration Equivalent Inductive Conductor System 
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3.5.4.1 Derivat ion and Evolution 

In the conductor element method the infinite earth is modelled as a finite number of 
lossy conductors of finite dimensions. The self and mutual parameters of the conductor 
and the conductor elements representing the earth are calculated and formed into an 
impedance matrix relating the currents in the conductor and conductor elements to the 
resultant series voltage drops. At this stage the only known quantity is the conductor 
current. However it is known that the net current in the conductor elements must equal 
the conductor current, but flow in the opposite direction as they form the return path 
for the conductor. Using this relationship the unknown conductor element cllrrents 
can be systematically elitninated from the system of equations until only t he conductor 
currettt rema.ins. The resulting sub-matrix relating conductor current to voltage is the 
desired series impedance for the conductors with earth return. 

The technique is readily extended to multi conductor lines by including the other 
conductors in the matrix and reducing the system until only the conductors remain. 

A number of assumptions are inherent in tllis analysis. Firstly it is assumed tha.t 
the current along each conductor and conductor element is constant and does not leak 
off to neighbouring elements. Essentially this means that it is assumed that there is 
no transverse current flow during the derivation of the series impedance, wllich is the 
assumption upon which the Quasi-TEM theory is based. The range of validity of this 
model is therefq re limited to tha.t of Quasi-TEM theory. 

It is also assumed that the. ea.rth can be accurately represented by a finite number 
of conductor elements. In theory as the number of conductor elements tends to infinity 
the result wiU tend to that of Carson's equation at the expense of greater computa
tional effort. The computational effort can be minimised by careful select ion of the 
[lumber, size and shape of the conductor elements. This is discussed further in the 
implementation section . 

A major advantage of the conductor element method is that different electrical 
parameters can be assigned to each conductor element, allowing inhomogeneous earth 
structures to be modelled. 

3 .5.4.2 Implementat ion 

The conductor element method trades the complexity of solving the problem of the 
skin effect in the earth, for the problem of solving a system of conductor elements. 
Thel'tjfore no advantage is gained unless it is easier to solve for the conductor element 
parameters than those of the entire earth . 

To simplify the calculation of the conductor element parameters Hartenstein et 
at. (1972) assumed that the current density in each element was uniform. This is a. 
reasonable approximation for sufficiently small and weU chosen regions of the earth . 
T he parameters of the conductor elements could then be determined using low fre
quency formulas which ignore the skin effect. The self impedances of each ele.ment 
were calculated using formulas for equivalent area round conductors, while the mutual 
parameters were calculated for equivalent conductors at the centre of gravity of the 
conductor element.' 

The success of this method depends upon how well the system of conductor elements 
approximates regions of constant current density within the earth. The current density 
in the earth decreases with depth and separation from the transmission line. This effect 
was exploited when selecting the size and number of conductor elements. As the current 
density at large distances is small it may be ignored, reducing the problem to one of 
finite dimensions. Furthermore, the rate of decrease of current density reduces with 
increasing distance, therefore larger conductor elements lllay be used at large distances. 
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Fig ure 3.5. Earth Conductor Elements below a Single Conductor Line 

Hartenstein et (£1. (1972) suggest using elements with exponentially increasing cross
sectional areas as shown in Figure 3.5. This minimises the compu tational burden which 
is proportional to the square of the number of conductor elements. The distribution of 
current within the earth is related to the skin depth of the earth (which is frequency 
and earth resistivity dependant ) and the height of the conductor and in the case of 
multi-conductor lines the mode of propagation along the line. Therefore it is difficult 
in theory to select a conductor element system that will perform well over a wide. range 
of conditions. Hartenstein et al. ( 1972) found that t he maximum error in the sequence 
impedances for a two pole HVDe link t hat they studied was of t he order of 9% over 
the frequency range from 10- 3 to 105 Hz, indicat ing that it is not necessary to model 
the earth cu rrent distribution in great detail. 

Al though the model has been developed for the calculation of t he parameters of 
transmission lines, it could also be used for mu tual impedance calculations. In this 
case the induced conductor would be included as an addi tional line conductor ill the 
system of equations. 

The author has not implemented this model and t herefore can give no indication of 
the errOrs that are likely to result from the application of this model. 

3.5.4.3 Physical Interpretation 

The conductor element model is a physical model of the current distribution within 
the earth. The success of the model indicates that t he eart h can simply be regaf(led as 
a system of parallel lossy conductors inducing current in one a.nother. Unfortunately 
the com plexity of the interrelationships between the conductor eJements obscures the 
overall phenomena. 

A model ba.'5ed IIpon physical approxima.tion of the current distribution in the earth 
was developed by the au thor during the conrse of this project. It differs from the 
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subconductor model in that it replaces the earth with a system of ideal filamentary 
currents, the current in each filament being determined from empirical formulas rather 
than the physical parameters of each region within the earth. This model is discussed 
further in Chap ter 4. 

3 .5 .5 Applications of Infinite Line Models during this Project 

The applications of infinite length earth re turn transmission line models du ring this 
project were many and varied. They included 

I. numerical and theC!reticai inves tigat ions of the factors affecting the steady state 
inductive influence of high voltage transmission lines, 

2. calculation of transmission line parameters, 

; ~ . prediction of the shielding effectiveness of continuously grounded earth wires, 

4. determination of harmonic current profiles along t ransmission lines from terminal 
bus bar conditions, 

5. estimation of transmission line Cllr rents from magnetic field measurements, 

6. comparisons between measured and predicted inductive interference levels from 
transmission lines. 

F'mthermore the models were required to give accurate results with a minimu m of 
computational effort, and yet have a simple mathematical form and physical interpre* 
tation. Clearly no single model can meet all of these requirements, therefore a number 
of models were used during t his project. 

Particular care was taken to ensure that appropriate models were chosen for each 
ap plication. When selecting an infinite length transmission line model considerat ion 
must he given to the model representation accuracy, the fo rm of t he mathemat ical 
equations and the computational efficiency and accuracy of the model implementation. 

Model representation accuracy is the accuracy with which a model can approximate 
a given physical environment. It is necessary for all models to make some simplifications 
regarding the st ructure of the earth (homogeneous or stratified with unity or arbitrary 
permeability and permittivity Section 3 .2) and the mode of propagation along the line 
(Quasi*TEM or Exact) . Accurate model representat ions are necessary for all applica
tions, however detailed representat ions of the earth are essential for models which are 
to he matched with measured data. 

The mathematical fo rm of a model is important as it influences the compu tational 
efficiency, implementat ion accuracy, and sui tability of a model for theoretical inves
tigations. Existing models may he classified into one of three mathematical forms: 
integral equations over infinite intervals; infinite series summations, or explicit equa
tion forms. Numerical methods are used to approximate infinit e integral and infinite 
series forms, while explicit forms may be evaluated directly. Automatic adaptive algo
rithms were used to implement integral equation and infinite series model forms during 
this project, to maximise accuracy while minimising computational effort . Theoretical 
studies are greatly simplified if models wit h simple mathematical forms are used, as 
symbolic studies of the inductive influence of lllulticonductor transmission lines can 
then be undertaken. 

Computational efficiency must also be considered when selecting models for repet
itive or real-time studies . 

Table 3.1 summarises the properties of t he infinite length transmission line models 
used during this project. Qualitative comparisons are given rather then quantitative 
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measures as the model properties vary greatly with input parameters. Comparisons 
of model accuracy are not given in this table. An accuracy comparison is presented 
in Chapter 4 between infinite models when they are applied to the particular case of 
predicting the harmonic coupling between a single conductor ea.rth return transmission 
line and a buried telecommunications cable. Physical interpreta.tions of the models are 
not presented either, as they generally share the interpretation that the field can be 
decomposed into direct, image and correction components. 

Homogeneous earth 1" eigenvalue equation e 0' 
Arbitrary jJ.e, (. Very lugh complexity Very low 

h'tegral '"( : linear algebra 
complexity Low efficiellcy 

; 
Series 0' algebra 6 

Pree space jJ.. , (. (:olllpiexity MedilUll etlkieu(:y 
MediwI' 

Integral 0' 0' algebra 6 
jJ.., (. High complexity Low efficiency 

Curve 1" eigenvalue equation 0' unear algebra 6 
Pitting Very low complexity Very lugh etfi(:iency 

Penetration 1" eigellvalue equation 0' linear algebra 
Low complexity High etfidency 

Complex ..,.: eigenvalue T 
Penetrat ion jJ.., (. MewlUll complexity Mediull' 

".Equations (J .15), (3. 16)' (3.22), (3.23) and (3.18) 
I>Automatic integration algorithms were used to evaluate the integral equations (de Boor, 1971; 

Piessens et al., 1983) 
"' Equation (3.20) is a "general" eigenvalue equation as the elements of the equa~iou are integral 

functions of the unknown eigenvalue. 
dMiiUer's method with deflation was used to calculate the eignvalues by forcing the determinant of 

the eigenvalue equation to zero. 
~Equations (3.27), (3.28), (3.29) and (3.31) 
JE ISPACK routines were used to calculate the eignvalucs (Garhow et at, 1977; Smith et al., 1974). 
9Equations (J .32), (3.33), (3.34), (3.35), (3.36) and (U8) 
h An adaptive algorithm was used to ensure that sufficient terms were summed to satisfy the requested 

accuracy requirement. 
iEquation (3.37) 

J Equations (3.39) and (3.40) 
kThe appropriate coefficients a.re selected frOIll the look up ta.ble. 
IEquation (3.41) 

"'Equation (3.42) 

Table 3.1. Comparison of infiuite transmission line models. 

The majority of the results presented in this thesis were generated using Quasi-TEM 
models. The Exact model was implemented during this project to establish the accu
racy of Quasi-TEM models at high freque.ncies. Of the Quas i-TEM models, Carson's 
series was the most frequent ly used model as it yielded accu rate results with a minimum 
of computational effort. Carson's integral form was used to establish the accuracy of 
the series formulation and to generate reference data during the development of Acha's 



66 CHAPTER 3. EARTH-RETURN LINE MODELLING 

curve fitting model (Section 3.5.2). Nakagawa's integral form was used during com
parisons be tween measu,red and predicted interference voltages where the parameters 
of the earth were know n. Acha's curve fitting model was used for the real-time and 
repetitive calculation of transmission line parameters, while the Complex Penetration 
model (with and without correct ion) was used as a rapid check on the validity of re
sults from other models and for theoretical investigations of t he factors effecting the 
inductive influence of high voltage transmission lines. The mathematical artifice of a 
complex image depth in the complex penetration modellllllited its usefulness as an ed
ucational aid for stud ying ind uctive influence phenomena, leading to the development 
of the filamentary models presented in Chapter 4. 

3.6 Finite Length Thansmission Line Models 

The difference between finite and infinite length transmission line models is that 
the End Effect is represented in finite models but is ignored in infinite models. Finite 
models are therefore more complicated than comparable infinite length models . 

In the following sll.bsections finite length transmission line models are reviewed. 

3.6.1 Sommerfeld's model 

An "exact" solution for the fields about a transmission line can be calculated by 
integrating the contributions from infinitesimal current elements along the length of 
the line. To achieve this knowledge of the fields generated by current elements in the 
presence of the earth and the current distribution along the line are required. The only 
assumption in this analysis is that conductor diameter is small in relation to its height 
so that the tbin wire approximation can be applied . 

The fields generated by infinitesimal horizontal and vertical sources located above a 
dissipative region have been derived by Sommerfeld (1909) . Unfortunately the resultant 
integral expressions can not be solved analytically and have a slow rate of convergence. 

By combining the Sommerfeld integrals for horizontal and vertical sources it is 
theoretically possible to calculate the fields about any line. T he resultant expression 
for the field at a given point is the integral along the length of the inducing line of t he 
current element fields given by Sommerfeld integrals. To calculate mutual impedances 
between finite conductors it is necessary to integrate the fie ld over the length of the 
induced conductor, resulting in a triple integration. 

The cur rent distribution along a finite length line can be calculated by requiring 
that the axial electric field along the surface of the conductor equal the internal field. 
This is the same condition that was used to determine propagation constant of the 
infinite Exact model. In this case however the condition is more difficult to satisfy as 
neither the field nor the current have a simple exponential variat ion and therefore the 
condition must be evaluated along the entire length of the conductor. 

It is apparent from the above discussion that the "exact" finite transmission line 
model is both difficult and computationally expensive to evaluate. Considerable effort 
has been devoted to the development of approximate and effi cient methods for evalu
ating Sommerfeld integrals (Miller et at., 197230; Miller et al., 1972b; Faure et al., 1979; 
Lindell and Alanen, 1984a)) . Of particular note is the exact complex image interpreta
tion of the Sommerfeld integrals (Lindell and Alanen, 1984a; Lindell and Alanen, 1984b; 
Lindell and Alanen, 1984c; Lindell et at., 1986). This model yields accurate results from 
integrals which are easier to evaluate than Sommerfeld integrals. 

Neither the Sommerfeld nor exact complex image models of finite length transmis
sion lines were implemented du ring t his project. 
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3.6.2 Foster's Model 

One of the most difficult aspects of applying the "exact" Sommerfeld model to 
the calculation of fields around finite structures is the determination of the current 
flow along the conductor. At power system frequencies on ShOTt transmission lines it is 
reasonable to assume that the current along the line is uniform . This is the fundamental 
assumption IIpon which Foster's model is based. 

3.6.2.1 Derivation and Evolution 

In 1931 Foster derived a formula for the mutual impedance of two infinitely thin 
insulated wires lying on the surface of a homogeneolls earth and grounded at their ends 
(Foster, 1931). The mode.! was derived from Sommerfeld's result by assuming that the 
permeabilities of the air and earth equalled those of free space and that displaeement 
currents we re negligible. This amounts to an assumption of unifofm Cllfrent flow along 
the transmission line which is the Quasi-Static field approx.imation . As propagation 
effects are ignored t he model is only valid for lines which are short in relation to 
a wavelength and are terminated by admittances which are high in relat ion to the 
shunt admittance of the line. The resultant formula for the mutual impedance was 
expressed as a double integral over the inducing and induced conductors of an integral 
function, and a low frequency. infinite series based upon the Neumann integral over 
the two conductors. Foster's formula reduces to Campbell's direct current mutual 
impedance equation (Campbell, 1923) as the frequency tends to zero, and Carson's 
formula (Carson, 1926) as the length of the inducing conductor tends to infinity. 

Riordan and Sunde (1933) derived an expression for the 1l11ltual impedanc.e of finite 
conductors either lyi ng on the surface or buried at the lower interfac.e of a two layer 
earth. Simplified formulas were also derived for a number of limiting cases. Riordan 
and Sunde (1933) formula reduces to Foster's result for homogeneolls earth . 

Foster's model has also been extended to include finite length wires lying in hor· 
izontal planes above the surface of the earth and grounded by vertical wires at the 
ends (3.44) (Foster, 1933). This model is based upon the same assumptions as Foster's 
original model (Foster, 1931). 

Z ff[ d2pro""(rro",,,Y;,Y;) (~)M ( )]d d 
mutual = dSi dSi + cos,+, foster Trosten Vi, Yi Sj Sj 

Where 

Pfoster( Tfoster, Yi, Yi) = 
p, 

211"" Tro,ter 

JWJ1-a la OO 
Yi + Yi + -4- Jo ( TfosterCt ) do. 

• 0 " 

JW~alaoo l-exp(-,,(y;+y;)) (/,,2+[,2 _ ,,) J ( )d 
4 2 . / 0 TfosterCt a 

11"" 0 Ct yo.2+re2+a 

JWJ1-a I 11 J Tfo5ter
2 + (Yi - Vi)2 + IYi - Yil 

-- Yi -Yi n 
471" Tfoster 

JW~. ( I 2 ( )2 ) + 4;- y Troster + Yi - Yi - Tfo5ter 

Mfoster( Tfosten Vi, Yi) = 

(3.44) 
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+ 

Pfoster( Tfosten Yi, Yj) = suh-function of Fosters model 
M roster{ Tfoste r , Yi, Yj) :::::; sub-fllllction of Fosters model 
.Io( u) = Bessel function of the first kind of order 0 
ds; 

Tfoster 

r, 

= incremental unit of length along the horizontal par t of con
ductor i 

= incrementallinit of length along the horizontal part of con
ductor j 

= horizontal distance between the elements ds; and dSj 
= angular difference between the directions of the conductor 

elements dB; and dSj 
= propagation constant of a plane wave in the earth (ignoring 

displacement currents) 
= v' y.J~.7 p, 

To evaluate this model it is necessary to perform the integrations over the horizontal 
par ts of the inducing and induced conductors. rt is not necessary to integrate over the 
vertical segments of the conductors as the effect of the vertical wires at the ends is 
included in the integrand function. 

This model can also be expressed in the form of an infinit e series involving the 
Neumann integral between the two lines at low frequencies, which can be reduced to 
Campbell's direct current formula (Campbell, 1923) and Carson's equation. Care must 
he exercised when using the truncated series forms as they diverge as the line length is 
increased (Rodgers and White, 1989). 

The main disadvantage of Foster's model is that the formula is complicated and 
difficult to evaluate. It is not surprising therefore to learn t hat the main area of research 
on this model has been on the development of simplified or approximate formulas. 
Carter (1947) derived approximate formula' .) for the mutual impedance of finite parallel 
wires on the surface of the earth sepal'ate_d by large distances . These eq\lations were 
later extended by Lacey (1952) to the case. of angled wires at any separat ion, however 
the solution was expressed in terms of an integral fun ction. Closed form formulas for 
parallel and angled wires starting at the same point based upon the tru ncated low 
frequency series were derived by Velaz.quez et at. (1983). These fo rmulas were later 
extended to the case when one of the wires is above the earth (Sarmiento et ai., 1988). 

3 .6.2.2 Implementatio n 

The method chosen to evaluate Foster's equation during this project was direct 
lIumerical integration of an algebraically simplified version of (3.44). This approach was 
used as it is valid and stable for a wider range of parameters t han the truncated series 
formulas. Series approximations were used to calculate the Bessel integrand fUllct ion 
to improve computational efficiency. An automatic integration algorithm employing 
cautious Romberg extrapolation (de Boor, 1971) was used to evaluate the integrals . 
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3.6.2.3 Physical Interpretation 

The physical interpretation of Foster)s model is similar to that of Ca.rson's Equa
tion. Foster's equation for the mutual impedance of finite wires above the earth can 
be decomposed into an ideal term which is the mutual impedance for wires ahove a 
lossless ea.rth and a co rrection term to account for the finite resistivity of the earth 
(Foster, 1933). The correction term can be further subdivided into components repre
senting the direct current mutual resistance of the grounding points ami an additional 
correction component. Unfortunately lit tle insight can be gained into the physical phe
nomena which give rise to the additional correction component due to the mathematical 
complexity of the model. 

3.6.3 Complex Penetration Model 

The finite complex penetration model (Rodgers and White, 1989) is an extension of 
the complex penetration ~oncept for infinite length transmission lines (Section 3.5.3). 
In this mode.! the earth is replaced by a perfectly conducting plane at a complex depth. 
As the plane is perfectly conducting it eal\ it turn be replaced by an image of the finite 
inducing conductor. By evaluating the Neumann integral of the inducing conductor and 
its image an estimate of the mutual impedance between the fiuite inducing and induced 
conductors in the presence of .the earth is obtained (Rodgers and White, 1989). TIle 
Neumann integral can be evaluated analytically for simple parallel conductor geome
tries, producing an explicit equation containing logarithmic terms of complex arguments 
(Rodgers and White, 1989, equations (7) and (11)). 

There are a number of assumptions inherent in the derivation of this model. Firstly 
it is assumed that the return current flow is confined to the perfectly conducting plane 
at the complex depth. This is clearly not the case for finite length transmission lines 
as the curren t must enter the earth through point contacts on the surface at the ends 
of the lines. Furthermore the fields generated by the vertical connections to ground are 
ignored. As a consequence this model should only be applied when the height of the 
conductor is small in relation to it's length (Rodgers and White, 1989). Propagation 
effects are also ignored (Quasi-static approximation), therefore this model should only 
be applied to lines which are short in relation to the wavelength. 

A comparison of this method and Foster's equation has shown that this model is 
valid, provided that the end effects due to the ground connection and vertical conductors 
can be ignored (Rodgers and White, 1989). 

More recently an exact image solution has been derived for the case of fin ite dipole 
sources above homogeneous earth with complex permeability and permittivity values 
different from those of air (Lindell and Alanen) 1984a; Lindell and Alanen, 1984b; Lin
dell and Aianen, 1984c). It has been found that the image ofa vertical magnetic dipole 
is a line sonrce in complex space. This theory differs from the other image theories 
in that it is an exact theory (the Quasi-TEM propagation assump tion is not employed 
during the derivation from Maxwell's equations) and it yields integral equations for the 
fields, unlike the other image theories which produce closed form equations. It should 
therefore be viewed as an alternative mathematical form of the exact model for the 
homogeneous earth case rather than a refinement of the complex penetration model. 

The fini te complex penetration model was not implemented during this project. 

3.6.4 Applications of Finite Line Models during this Projec t 

A finite length transmission line model was required during . this project for deter
mining the electrical characteristics of a cable used to measure the field induce<1 by a 
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neighbouring transmission line. 
However the application of the complete Sommerfeld model in this t hesis was not 

warranted in the a.uthor~ opinion as the dimensions of the system studied were ex
tremely small (100m) in relation to the wavelength at harmonic interference frequen
cies. The Sommerfeld model is howe.ver ideally suite.d to the study of the unsolved 
problems of the effect of conductor sag and pylons on the fields around transmission 
lines, however Stich a study would be extremely expensive, if not impractical to perform 
at present, and was 1Iot considered during this project. 

Direct numerical integration of Foster's equation was used to determine the char
acteristics of finite length cable transducer during this project. 

3.7 S umma r y 

Steady state harmonic interference studies of high voltage transmission lines require 
accurate models to determine the electromagnetic fields about the line, and hence cur
rent propagation along the line and coupling to neighbouring systems . Unfortunately 
it is impractical to llIo,del aU aspects of a transmission line above the earth due to the 
complicated structure of the line and earth , and the non-linear nature of t he media. It 
is therefore necessary to make simplifying approximations which may compromise the 
validity of the results. 

A sutllmary of the fundamental assumptions upon which the models presented in 
this chapter are based, is presented below. 

• The media are linear, and therefore the properties of a multiconductor line can 
be determined from single conductor line models using superposition. 

• Transmission lines are assumed to be perfectly straight and parallel to the earth. 
They may be either infinitely long or of a fin ite length. The effect of supporting 
structures is ignored', and all dimensions are small relative to the wavelength. 

• Conductors are electrically linear and the proximity effect of earth current flows 
on the conductor current distribution is negligible, so that it may be replaced by 
a filamentary cu rrent. This allows the fields internal to the conductor to be cal
CilIated independently of the external fields. Furthermore those fields external to 
the conductor can be calculated independently of the internal fields if Quasi-TEM 
propagation is assumed. 

• The earth can be represented by a semi-infinite body bounded by a plane sur
face. Furthermore the earth is either homogeneous, isotropic and linear; or it can 
he represented by stratified structure of homogeneous layers with these proper
ties. The resistivity of the earth is explicitly modelled in all cases, however the 
permeability and permittivity mayor may not be modelled. 

• Wave propagation along the line may be considered to be lossless (True TEM), 
lossy (Exact) or Quasi-TEM (constant current). As significant losses occur within 
the earth, only Exact and Quasi-TEM models are appropriate for steady state 
harmonic interference studies. It is sufficient to consider only the transmission 
line mode of propagation at voice interference frequencies on aerial power system 
transmission Hnes. 

• Quasi-TEM models are valid if: 

1. proximity effect can be ignored; 
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2. dimensions of the system (inchHling the transmission line - telecolllUlunica
tion cable separation) are small in relation to the wavelength; 

3. wave number of the earth is much greater than that of the ail' (conduction 
currents are larger than the displacement cnrrents within the earth); 

4. propagation constant of the wave must be much smaller than the wave num
ber of the ear th. 

A summary of the models used during this project has also been presente(l. Em
phasis has been placed on the derivation, implementation and physical interpretation 
of these models. The question of the suitability of these models fot' inductive coupling 
calculations is addressed in Chapter 4. 

The majority of the results presented in this thesis were generated using Quasi-TEM 
infinite length transmission line models, as they are more efficient than the Exact model 
and they meet the requirements of this project. A consequence of this decision however 
is that the conclusions presented in this thesis are only valid for lines which meet the 
Quasi-TEM requirements listed above. The author considers that these requirements 
will be satisfied in, the majority of situations that steady state inductive interference 
problems arise. 
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CHAPTER 4 

SINGLE CONDUCTOR EARTH RETURN TRANSMISSION LINE 
EFFECTS 

4.1 Introduction 

All understanding of the physical phenomena which effect the steady 5tate induc
tive influence of high voltage transmission lines is required to coordinate power and 
telecommunication systems . Unfortuna.tely it is difficult to gain such an understanding 
from existing single conductor transmission line models due to the complexity of the 
mathematics and the lack of simple physical interpretations of these models (Chapter 
3). The problem is compounded in the case of halanced sequence current flow in lllulti
conductor lines as the fields interfere destructively. This results in rap id field variations 
with d istance from the line which are difficult to predict without recourse to nmllerical 
evaluation. 

The objective of this chapter is to develop an understanding of the factors affecting 
the steady state inductive influence of single conductor earth return transmission lines, 
from which the inductive influence phenomena of multiconductor high voltage trans
mission lines llIay be determined. This is achieved through observation of numerical 
ex periments, d iscussion of the physical phenomena that give rise to these effects, and 
the development of a family of simple Quasi-TEM models based upon physical approx
imations of the current dist ribution in the earth . These Hew mo(\ eis have a simple 
mathematical fo rm and physical in terpretation that enables accurate predictions of the 
inductive influence to be made without resorting to numerical calClllations. 

T hree issues must be addressed before the development of new models call COlU
mence. firstly, a measure of the ability of a high voltage tr ansmission line to calise 
interference to telecommunication services is required, to enable quantitative sttHlies 
of the accuracy of Illutual coupling models to be performed, and sens itiv ity studies of 
the factors affecting the inductive influence. This issue is addresse(\ in Section 4.2. 
Secondly the domain of parameter values must be defi ned as model accuracy and sen
sitivi ty to environmental var iables are functions of t he range of inp ut parameters. The 
parameter domains are define.d in Sec tion 4.3. finally it is necessary to caJculate the 
accuracy of existing models to determine t heir suitability for interference calculations . 
The results of t his study are presented in Section 4.4. 

Sect ion 4.5 reports on the results of numericaJ studies to determine the factors 
effecting the inductive influence of single conductor earth return transmission lines. 

A review of the physical interpretations of existing 1lI0(\els is presen~e(\ in Section 
4.6. 

By ap proximating the ground ClIrrent distribution, a. new family of single conductor 
earth, return models is derived in Section 4.7. The sim plest member of this family, 
the Ve7·tical Indu.cing Loop Model is discussed in Section 4".8 . This model provi(\es 
insight into the effect of frequency, earth resistivity, and line geometry variations on 
the ind uctive influence. It is used in Chapters 5, 6 and 7 to assess the inductive influence 
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of high voltage transmission lines. 

4.2 Quantifying the Inductive Influence of Transmission 
Lines 

The best way to quantify the interfer ing ability of a transmission line is to determine 
the resultant disruption to neighbouring telecommunication services. Unfortunately the 
resultant interference is dependent not only on the interfering ability of the line, but 
also on the parameters of the earth, the location and susceptib ility of the communica
tions plant, the type of service, and tlser expectations with respect to grade of service 
(as discussed in Sect ion 2.5.2) . While measures based upon disruption to telecom
lIn]Uication services are the only trtle indicator as to whether' a problem exists from 
the telecommunication users perspective, they do not indicate what the cause of t he 
problelll is and therefore who should be held responsible for rectifying it . 

In the author's opinion measures fo r quantifying the interfering ability of high volt
age transmission lines should be based upon the intensity of the electromagnetic field 
generated hy the line, Such an approach would be consistent with the philosophy 
of shared responsibility upon which other electromagnetic compatibility regulations 
are based (Whitehouse, 1988). In this scenario electricity tTansmission and distribu
tion companies would have a responsibility to ensure that their transmission lines djd 
not generate excessive fields . Telecommunication companies would be responsible for 
ensuring that their systems were immune from interference when subjected to electro
magnetic fields which are within the limits. 

The advantages of limits based upon electromagnetic field intensity include: 

• Higher degree of protection for telecommunications users. By limiting the inten
sity of the electromagnetic field, a ceiling is placed upon the maximum interfer
ence to telecommunication services . Existing limits are based upon containment 
of harmonic voltages at all power system voltage levels and harmonic currents 
in systems operating at 66 kY and above (NZECP 36, 1993). A consequence of 
the lack of current limi ts at lower system voltages is that there is effect ively no 
limit on the magnitude of noise that these systems may induce in neighbouring 
telecommunication cables . 

• Lower compliance costs . Transmission line geometry) earth wires) parameters 
of the earth and the presence of other structures can reduce the interference 
frolll transmission lines. The exist ing measures, by ignoring these effects) Illay 
he unnecessarily increasing the cost of compliance. It is difficult to accurately 
predict what influence these parameters will have on the inductive influence of 
a line dlle to the lack of accurate data on particular environments and sui table 
models. To fully exploit the advantages of field intensity based limit s it would be 
necessary to Illeasure the field to verify compliance. 

• Compliance can he easily checked by any party as access to neither the power 
no[' telecommunication systems is required. This is a significant advantage in t he 
case of high voltage transmission lines as existing limits are based upon voltages 
and currents within the power system (NZECP 36) 1993) which are difficult to 
measure (Section 2.3.1). 

• Limits for the protection of human .beings from the potentially harmful effects of 
the electromagnetic fields generated by transmission lines, should they be intro
duced, are also likely to based upon the limitation of the field intensities rather 
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than voltages or currents within the power system. Cost savings lllay be made if 
electromagnetic compatibility limits for telecommunications systems and biolog
ical material are based on the same quantity. 

The principal disadvantage of field intensity measures fo r the inductive influence of 
high voltage transmission lines arise fro m the fact that the electromagnetic field , and 
in particular the magnetic component of this field, is highly sens itive to the parameters 
of the environment . Balanced sequence current flow in a transmission line ge nerates a 
destructive interfe rence pat tern . A consequenee of this near complete field cancellation 
is that small parameter variations can produce significan t changes in the resultant fie\(\ 
(Olsen and Jaffa, 1984). Therefore detailed knowledge of the environment is req uired 
to accurately predict the field . This problem is compounded by the fact that the 
envi ronmental parameters are often space and t ime dependent. 

Typical parameter variations that might be encountered along a given transmission 
line include: 

• Transmission line geometry and conductor type. These may vary along the line 
to accommodate local environmental conditions . For example longer insulator 
strings and greater conductor spacings on towers subject to salt spray or heavy 
pollution, and greater conductor height over cultivated and inhabited regions than 
in uncult ivated or uninhabited regions (Dickens, 1965). 

• Magnitude, frequency and sequence of transmiss ion line currents. These va.ry 
with time according to the nature of the harmonic sources, power system loading 
and distance alo ng the line due to propagation effects and changes in the st ructnre 
of the li ne and earth. 

• Structure and parameters of the earth. The parameters of the earth vary with 
position due to the non-homogeneous strncture of the earth, and with time due 
to moisture content and temperature changes. 

• Location and orientation of the telecommunications cables. In reality there will 
be numerous cable locations in both the air and/or ear th at various separations 
and orientations which will be subjected to electromagnetic fields from a given 
transmiss ion line. 

The great de_pendency of the electromagnetic field on parameters which are variable 
and seldom accurately known is a couside.rable barrier to the application of fiel(1 inten
sity measures to actual transmission lines. As the calculated field is only valid for the 
particular set of parameters for which it was evaluated, t he fi eld should be evaluated fo r 
aU possible parameter combinations and then be combined into a single "equivalent" 
figure for the line . Such an approach is computationally very expens ive and impracti
cal, t herefore alternative if less accurate ways must be found to assess t he interfering 
ability of actual transmission lines. This issue is discussed further in Chapter 7. 

Elect romagnetic field measures are however, well snited to the requirements of this 
chapter. In this chapter t he factors effecting t he inductive influence of single conductor 
transmission lines are discussed. This is achieved through numerical experimentation 
on mathematical models. To study the sensitivity of the inductive influence to each 
parameter, per turbat ions were made about a base operating point . With careful plan
ning, the number of required field evaluations was kept to a minimum, whilst benefiting 
from the full accuracy obtained from the use of the electromagnet ic field intensity as a 
measure of the inductive infl uence. To do t his however it was necessary to make some 
further simplifications regarding the. mechaniSlll of interference. 
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The longitudinal voltage induced in a. telecommunications cable may be calculated 
by integrating the axial electric field around the loop formed by the cable and its 
associated earth return path, Unfortunately the presence of the cable per turbs the 
electromagnetic field. The severity of the perturbation is a function of conductor loca
tion, type and the impedance of any connections to earth. This dependency compounds 
the problem of assessing the induct ive influence of a transmission line. A field measure 
is required which is independent of the cable parameters yet accurately quantifies the 
interfering ability of the line. It is not strictly valid to use fiel ds calculated in the ab
sence of the cable to assess the interfering ability, however under certain circumstances 
these fields yield results which are good approximations to the coupli~g due to the 
per turbed fields. 

Consider the case of a cable located at (Xt,Yt) from z = 0 to z = l above a 
!ossless earth, grounded by vertical conductors at each end, lying parallel to a single 
conductor transmission line as shown in Figure 4.1. The transmission line supports a 
TEM mode of propagation (Section 3.3.3). Coupling to the cable may be considered 
to be a combination of electric and magnetic "field coupling phenomena, which are 
proportional to transmission line voltage and current respectively (Section 2.4). 

The open circuit induced voltage \!induced is the sum of the electric and magnetic 
field contributions around the loop formed by the induced conductor and the earth 
return path. Olsen and Jaffa (1984) employed circuit theory concepts and Faraday's 
Law to derive the following expression for \!induced. 

" JWlCnlulualZtenninate \!inducing 
Vinduced = IC Z IC Z 1 JW mutual tenninale + JW seU tenninale + 

(4.1 ) 

Where 

IIp = perturbed magnetic field (A.m - I ) 
$ = surface of the loop formed by the cable and its earth return path 

If it is assumed that little current flows in the induced conductor when it is open 
circuited, then as a first approximation it may be assumed that the magnetic field in 
the presence of the cable is equal to that when it was absent. 

(4.2) 

Where 

jj = magnetic field in the abse.nce of the cable (A.lll- 1) 

Then from Faraday's Law the integral of the electric field around the loop must be 
the same both before and after the cable is installed, even though the electric field may 
he perturbed by the presence of the cable stich that E"# Ep (Olsen and Jaffa, 1984). 

Wherl? 

E = electric field in the absence of the cable (V.m- I) 
Ep = per turbed electric field (V.m-l) 
C = c,ontour of the loop formed by the cable and it 's earth return pa.th 
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Transmission Line (xc,y,::) 

Communications Cable (Xt ,Yt) 

ClIlUtual 

i 

Ie,," 
\!inducing 

I Vinduced 

Earth (equipotent ial surface) 

Where 

Jinducing = current flowing along the transmission line (A) 
\!inducing = voltage of the transmission line (V) 
\!induced = induced voltage in the cable (V) 
Zterminate ::: cable terminating impedance (U) 
C nlUtual = mutual capacitance per unit length (F.m- 1 ) 

Zm :::: mutual impedance per unit length (!1.m-1 ) 

Cself = self capacitance per uni t length (F.m- I
) 

e = length of the cable (m) 

Zterm.inate 

Xc , Yc = ordinates of the transmission line conductor (m) 
Xt, Yt = ordinates of the telecommunications cable (m) 

Figure 4.1. Electric and Magnetic Coupling Mechanisms 

77 
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As a consequence the magnetic coupling to the cable can be calculated from the 
electromagnetic field in the absence of the cable. 

The inductive coupling to the cable of Figure 4.1 will now be determined by inte
grating the unperturbed axial electric field around the loop formed by the cable and 
earth return path. 

i Ep' d~ 
~ i E.de 

y t 0 

:::::l 10 t Eylx""Xt,z=ody + fo Ezlx=XbY=Yt dz + ~ Eylx=Xt ,Z=ldy (4.4) 

The electric field through the mass of the earth being neglected as it is assumed to be 
loss less. 

The transverse electric field may be described in terms of a scalar potential funct ion 
V( :t:, y, z, t), where the surface of the earth is the zero potent ial plane. The contribu
tions from the ftrst and third integrals are therefore -V(Xt,Yt, O,t) and V(xt ,Yt,l,t) 
respectively. 

The axial electric fiel d is given by Equation (3.30), repeated below. 

o 
E,,(x, Y, z, t) = -Zm(x, y)lc(z, t) - oz V(x, Y, z, t) 

Where 

Zm = mutual impedance per unit length (fLm-') 

If the length of the cable f., is small with respect to the wavelength, then 

o 
f} z V(x, y, z, t) :::::: 

V(Xt,Yt,l,t) - V(Xt,Yt,O,t) 
I 

( t 
Jo Ez dz . -IZ",(x, y)J,(z, t) - (V(x" y" e, t) - V(x" y" 0, t)) 

Substituting these equalities into (4.4) yields 

i Ep ' ic 
-V(Xt,Yt,O,t) + V(Xt,Yt,f.,t) 

-f.Zm(Xt, Yd1c(z, t) - (V(Xt'Yhl,t) - V(Xt,Yt ,O,t) 

-lZm(Xt, ye)lc(z, t) 

(4.5) 

(4.6) 

The total induced voltage due to both electric and magnetic coupling mechanisms 
is then given by 

II Jwf.CmutualZterminate \/inducing _ IZ ( )1 ( t) 
l'induced = e' Z ,(' Z 1 III Xt, Yt c z, 

JW .Cmutual tenninate + )Wc. -'~elf tenniuate + 
(4.7) 

Although this has been derived for the case of a highly conductive earth, it is also 
valid for a lossy earth if Zm is calculated using one of the models presented in Chapter 
:3, the Quasi-TEM propagation assumption is valid and the cable length is small with 
respect to the wavelength (Olsen and .Jaffa, 1984) . 

Electric field coupling, represented by the first term of equation (4.7) is only sig
nificant for cables which are above ground and are not earthed via a low impedance 
at one or lUore points, at power system harmonic frequencies. As the dominant form 
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of reticulation IIsed in telecommunication systems within New Zealand is buried cable, 
the cable is effect ively shielded from the electric field by the earth and therefore the 
first term of (4.7) may be neglected. 

The severity of inductive interference may therefore be quantified lls ing the product 
of the mutual impedance between a power line and the tele<:omlUunications cable, Zlll' 
and the power line current Ie. It must be emphas ised that thjs product is the voltage 
magne.ticaUy induced in the loop f!?rmed by the cable, vertical connections to earth at 
each end and the earth return path. It includes the effect of the lossy earth. To evaluate 
this product it is only necessary to integrate. - ZIIJe along the cable itself, it is not 
evaluated along the vertical connections to earth, or through the earth. Furthermore 
it is independent of the type and presence of the cable, yet accurately quantifies the 
inductive influence to cables that may be installed at t hat location. 

TIle product -ZnJe is known as the Longitudinal ElectI'ic Field (LEF) (Olsen and 
Jaffa, 1984). 

Longit udina l Electric Field (LEF) : The component of the time variant electric 
field induced by a transmission line, at the site of the telecommunications ca
ble but in the absence of the cable, act ing along the axis of t he cable, that is 
explicitly related to the magnetic flux linking the circuit formed by the cable, 
vertical connections to earth and the earth return path. 

During this project the magnitude of the LEF has been used to quantify the inter
fering ability of high voltage transmission lines. 

The COHlmon mode and hence the transverse voltage within a cable may be esti
mated from this quantity by integrating the LEF along the length of the cable. 

Note that the LEF is not the axial component of the electric field at the site of the 
cable, in the absence of the cable . The LEF is but olle component of the unperturbed 
electric field, as can be seen from equation (4.5). The second component of the axial 
electric field, -fz V( x, y, z, t), is significant in the immediate vicinity of the t ra.n smission 
line despite the very low rate of change in the axial direction, due to the high potentials 
that exist on transmiss ion lines (Olsen and Pankaskie, 1983). 

Ideally the measure used to assess the interfering ability of transmission lines shouJd 
be independent of telecommunication cable location and orientation. To achieve this 
it wOldd be necessary to combine the individual LEF values for all cable locat ions alH1 
orientations into a single figure by integrating over all spaee the proci uct of the LEF 
and a probability density function for telecommunication cables. Such an approach, as
suming a valid probability density function could be derived, would be computationally 
expensive. 

tn practice it is not necessary to consider all possible locations and orientations. 
The majority of the copper telecommunication circuits in New Zealand are provided on 
underground cables that are either directly huried or installed in duct lines. Therefore 
as a first approximation it may be assumed that LEF need only be calculated in the 
horizontal planes below ground in which the cables may lie. 

To determine if it is necessary to calculate the LEF in aU horizontal planes and 
for aU possible cable orientations in these planes, and to support the statements made 
earlier regarding t he dominant field components, consider the fields in(lll ced in the 
ground by the single conductor transmission line depicted in Figure 4.2. The resultant 
fields below ground are presented in Figure 4.;3. 

This example is representative of a case where a rural telecommunications cahle 
lies very close to one pole of the Benmore Haywards High Voltage Direct Current 
t ransmission link between the North and South Islands of New Zealan(1 (excluding the 
effect of the second pole and the earth wire, therefore it is a poor approx.illlati~n of 
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Line Conductor (Pc. lie. Ec) 

Where 

Ie = transmission line conductor current = 9 A at 600 Hz 
Vc = transmission line conductor voltage (V) 
Yc = height of the conductor = 10 m 
Xc = x ordinate of the concluctor = 0 III 
ac = radius of the conductor = 0.0192 m 
Pc = resistivity of the conductor material = 2.6ge - 8 n.m 
ILc = permeability of the conductor material = 411" X 10-7 H.m- I 

Ec = permittivity of the conductor material = 8.8.54 X 10-12 F.m- I 

Pa = resistivity of the air = I.De + 30 n.m 
j.ta = permeability of the air = 411' x 10-7 H.m- I 

fa = permittivity of the air = 8.854 X 1O-1~ F.m-1 

Pc = resistivity of the earth = 400 n.m 
/1e = permeability of the earth = 411" x 10-7 H.m-1 

E., = permittivity of the earth = 8.854 x 10-12 F.m- 1 

Figure 4.2. Single Conductor Transmission Line Parameters 



4.2. QUANTIFYI NG T HE INOUCTIVE INFLUENCE OF TRANSMISSION LINES 

-0.5 
E -:E 
.s1' 
Q) -1 
I 
Q) 

:0 

'" o 
-1.5 

:1 

1 .. 
_2~ ____ L-____ L-__ ~~ __ ~ ____ ~ ____ ~ 

o 0.005 0.01 0.015 0.02 0.025 0.03 
Electric Field Strenqth (Vim) 

81 

Figure 4.3. Magnitude of the Electric Field Induced in the Earth by the Single Condnctor Line as 

a Function of Cable Height (I E ... I dolted line, 1 Ey 1 dot-dash line, I Ezi dashed line and I E~n 1 solid line 

obscu ring IE~j, negative cable heights indicate that the cable is underground. ) 

the actual situation , which is discussed in Chapters 8 and 9). The majority of the 
harmonic in terference incidents investigated by the author have occured in rural areas 
in New Zealand, as telecommlJnication cables are longer than those in urban areas and 
hence are more suscept ible to interference. Furthermore high voltage transmission lines, 
which are the major source of power line in terference in New Zealand, rarely traverse 
urban areas. 

Figure 4.3 is a plot of the absolute magnitude of E::;, Ell Ez and E~!I induced within 
the earth by the single conductor transmission line of Figure 4.2, as a function of y for 
x ::;: 10 Ill . The field s were calculated using t he Exact model (Section 3.5.1) for the 
electromagnetic field around a conductor ' above. the earth. The fields Ex, Ey and Ez 
include the contributions from both the elec tric and magnetic fields, and are calculated 
in the absence of the cable. E;" is the component of E;: tha.t is explicitly related to 
magnetic flux linkage. 

F'rom this figure it can be seen t hat; E: is the dominant component of the E field 
below ground; the dominant component of E;: is E~" which is due to magnetic flux 
linkages; the variation of E~II with cable depth is small over t he range of depths a.t 
which cables are buried. The transver~e components of the field (Ex and Ey) are 
only significant when the earth resist ivity and/or frequency is ve ry high . Under these 
conditions the surfac€ of the earth can no longer be regarded as a zero potent ial surface 
for the "transverse electric" component of t he electromagnetic field, and the Quasi-TEM 
wave propagation a.pproximation is no longer valld (Olsen and Pankaskie, 1983). The 
condit ion t hat must be satisfied to guarantee that Ez is the dominant component of 
E below ground is that t he wave number of the earth must be milch greater (at least 
one order of magnitude) than that of t he air. This is expressed mathematica.lly in the 
following equation. 
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( 4.8) 

This condition will generally be satisfied over the range of parameters encountered 
during voice frequency telecommunication interference studies. 

Two simplifications may be made as a consequence of this result. Fi(rstly as E';' is 
dominant below ground", the predominant coupling mechanism is magnetic induction 
and therefore the worst case coupling to buried telecommunications cables will occur 
when they parallel the transmission line, which is the well known quasi-static result. 
Secondly as E~r' is relatively insensitive to cable depth, it may be assumed that all 
telecomlllunicat ion cables are located in the plane y = -O.Sm with little loss of accuracy. 
This dept~ was chosen as it is the de.pth at which rural telecommunkation ca.bles are 
Ilsually buried. 

Despite these simplifi cations, it is still necessary to evaluate the LEF at a great 
many locations in the plane y = - 0.5m to ensure that no interference phenomena are 
missed. The fields decay with distance from the line (Section 3.3.2) , and therefore it is 
seldom necessary to evaluate the LEF for separations of more than a. few kilometres, 
unless the telecommunications cable parallels the line for a long distance. 

In snmmary? the measure used ,to quantify the interfering ability of single conductor 
transmission line models in this chapter is the Longitudinal Electric Field (LEF) in the 
earth at a depth of 0.5 m acting in the direction parallel to t he transmission line. It 
is evaluated for all separations from directly underneath the line to the separation at 
which the field is sufficiently small that it may be neglected, on both sides of the line 
if it is asymmetric. 

4.3 Domain of Parameter Values Considered during this 
Project 

The accuracy with which a model predicts the LEF is a function of the values 
inserted into the model. It is therefore necessary to define the range of values that the 
parameters may take before models can be compa.red. 

The emphasis during this project has been placed upon the modelling of systems 
that exist within New Zealand, with a view to gaining a better understanding of them, 
and the ways in which their inductive influenc.e may be reduced. T herefore during this 
project care has been taken to select parameter ranges that reflect t he conditions that 
occur within New Zealand, subject to the limitations of the models. A summary of t he 
parameter ranges used is presented in the following subsections. 

4.3.1 Transmission Line Geometry and Conductor 'rype Domains 

A range of existing and hypothetical transmiss'ion line geometries, including single 
conductor Lines (Section 4.5), single and double circuit three phase lines both with and 
without earth wires (Chapters 5 and 6) and an HVDC transmission Line (Chapters 8 
and 9) are considered. Details of these lines are presented as they are required. In all 
cases the lines are assumed to be infmitely lotlg, perfectly straight, and the effect of 
snpporting st ructures is ignored. 

Transmission li ne conduc.tor types have been restricted to those ACSR and steel 
wires that are either in lise in New Zealand, or are commerciaUy available. 
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4.3.2 Transmission Line C urrent M agnitude, Frequency and Sequence 
Domain 

The transmission line currents have been defined to be one ampere per phase con
ductor of either pos itive, negative or zero sequence current for the purposes of com
parillg the interfering ability of different transmission lines (Chapters 5 and 6). Where 
comparisons with meas urements of the inductive influence ha.ve been made, either the 
conductor currents from non-invasive measuring systems (Chapter 9), or calculated 
values from terminal bus bar voltages (Chapter 8) have been used. 

The range of frequencies that must be consicie.red is determined by the sensitiv
ity of the telecommunications plant. During this project it has been assllmed that 
the telecommunicat ions cable only supports the services of telep hony, facsimile and 
modems, which represen t the majority of the present applications within New Zeala.nd . 
These services are based upon Plain Old Telephone Se1't!ice (POTS) circuits which ha.ve 
a nominal bandwid th of 300 - 3,400 Hz, although in practice frequencies IIp to 4,000 
Hz ma.y be propagated, T he author has experienced problems in telecommunication 
circuits due to high levels of power line induction from the fun damental freqllency to 
the one hundredth harmonic. Therefore aU harmonic orders from the fundamental to 
the hundredth inclusive (50 to 5,000 Hz), have been considered during this project. 

4.3.3 Earth Structure and Parameter Domain 

The limiting factor as far as the representation of the earth is concerned is tha.t it 
must be a situation that can be represented in all models. Furthermore it is desirable 
to minimise the number of variables used in the models to represent t he earth, as 
doing so greatly reduces the complexity of the task of understanding inductive influence 
phenomena. Therefore the earth has been represented as a. semi-infinite homogeneous, 
time-invariant structure with permeability and permittivity equal to those of free space 
during the numerical studies of the inductive influence of transmission lines (Section 
4.5 and Chapters 5 and 6) . 

In New Zealand , excluding seawater, the range of resistivities expected for the layer 
of eaTth from the surface to 100 Ul deep is 20 to :WOO n .m and is typically of the 
order of 200 n.m (MacDonald, 1988). The apparent resistivity at depths of the order 
of tens of kilometres is thought to be 1,500 - 1:',000 n .m(Gill and MacDonald, 1967). 
The resistiv ity was t herefore considered to vary over the range from 20 to 2000 n.m as 
at the high frequencies which cause the. most interference to telecommunication users 
the skin depth of the earth and the lower resistivity of the upper layers will cause the 
majoTity of the current to flow in the upper layers. Hence t he effective resistivity of 
the ea.rth is that of the upper layers . 

4.3.4 Te lecommunicat ions C able Loca tion Domain 

As discussed in Section 4.2 the telecommunications cable is assumed to lie in the 
plane y = - 0.5m, be parallel to t he transmission line, but may be at any dist anc.e frolll 
the line. 

4.4 A ccuracy of Existing Inductive Coupling Models 

In the following sections comparisons are made between the mutual impeda.nces (a.nd 
hence the Longitudinal Electric Field since LEF= - IeZm), calculated using Quasi-TEM 
models and the Exa.ct model to establish the suitability of Quasi-TEM models for pre
dicting harmonic coupling from high voltage tra.nsmission lines to buried teleColllllll1 -
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nications cables. Uncertainty existed regarding the accuracy of these models at high 
frequencies and earth resistivities due to the validity of the Quasi-TEM approximation. 
Furthermore the Quasi-TEM models implemented are only strictly valid for conductors 
above the ground, although it is reported that Carson'5 equa.tion applies to: 

"two parallel, ground return conductors (usually taken as above the earth 
but will give good results for shallowly buried conductors also)" (Judkins 
and Nordell, 1974) 

Finally aU model implementations, apart from the Acha Series, employ adaptive algo
rithms which were designed to give accurate results with a. minimum of computational 
effort. It was necessary to confirm that these model implementations did yield accurate 
results for coupling to buried cables over the range of parameters specified in Section 
4.:3 . 

Prior to comparing the Quas i+TEM models to the Exact model, it was necessary to 
verify the accuracy of the Exact model. Two independent implementations of the Exact 
model were developed during this project. Model accuracy was verified by comparison 
of the results of these implementations with one another, with equations (3 .3) to (3.8) 
for lossless earth , with Quasi+TEM models for conditions under which the Quasi+TEM 
propagat ion assumption is valid, and with the results published by Efthymiadis and 
Wedepohl, 1978. 

The mutual impedance between the single conductor transmission line of Figure 4.2 
and a cable 0.5 III below the surface of the earth was calculated using the Exact and 
Quasi-TEM models. Cable separations from 0 to 10 times t he skin depth 0 of the earth 
were considered. Comparisons were made for all combinations of the frequencies of 50, 
1)00 and 5,000 Hz, and earth resistivities of 20, 200 and 2,000 n.m. Percentage errors, 
defined below, were evaluated and plotted as a function of separation. 

Where 

Rexact - RQuasi-TEM X 100% 
IZExactl 

XExact - XQuasi- TEM x 100% 
I ZEMct I 

\ZEm,J -\ZQu~;-TEM\ X 100% 
IZExact l 

percentage error of the magnitude of the mutual impedance 
.:::: percentage error of the real component of the mutual impedance 

percentage error of the imaginary component of the mutual impe
dance 

.:::: real componen t of the mutual impedance calculated using the Exact 
model 

R Quasi-TEM = real component of the mutual impedance calculated using the 
Quasi-TEM model 

X Exact .:::: imaginary component of the mutual impedance calculated using the 
Exact model 

XQuasi_TEM :::: imaginary component of the mutual impedance calculated using the 
Quasi-TEM model 

ZExact 

ZQul\lli-TE:M 

::: mutual impedance calculated using the Exact model 
.::: mutual impedance calculated using the Quasi-TEM model 
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4.4.1 Carson/Nakagawa Integra l 

Plots of £n £x and £m for the numerical integration implementation of Carson's 
equation ((3.31) and (3.37)), as a function of separation froUl the single conductor line 
in uni ts of the skin depth of the earth, arE' presented in Figure 4.4. Peak percenta.ge 
errors for each trace are tabulated in Table 4.1. 

Frequency Earth Resistivity Extreme £r Extreme £x Extreme £m 

(Hz) (n.m) (%) (%) (%) 
.\0 20 0.008 0.000 0.008 
50 200 0.070 ·0.003 0.070 
50 2000 0.547 ·0.013 0.547 

500 20 0.059 0.002 0.0.\9 
500 200 0.501 · 0.011 0.500 
500 2000 3.474 ·0 .040 3.473 

5000 20 0.363 0.02;3 0.358 
5000 200 3.167 ·0 .020 3.1.\4 
5000 2000 16.849 0.142 16 .847 

Table 4.1. Extreme Relative Percentage Errors for the Carson Integral Model 

The error of t he real component £n tends to increase with distance from the line, and 
with frequency and earth resistivity. It is under these conditions that the Quasi-TEM 
propagation model would be expected to become inaccurate, as displacement currents in 
the earth will no longer be small in relat ion to conduction currents, and the transverse 
electric field in the earth will become significant. Therefore in the author's opinion 
the observed increase in error is due to limitat ions of the Quasi-TEM propagation 
assumptio n rathe r than the implementation of the model. 

The reactive component erro r £x. is low in relation to £r as at large separations where 
the Quasi-TEM propagation assumption error is significant, the resistive component of 
the mutual impedance is approximately an order of magnitude larger t han the inductive 
component. Both components decay with increasing distance from the line. As a 
consequence £ x is small and Em is approximately equal to Gr . 

As t he peak relative error in both the real and reactive components of the mutual 
im pedance is within 17% for the range of freque.ncies and earth resistivit ies considered 
du ring this project, the author considers that it is valid to use Carson's integrallllutllal 
impedance equation to calculate the coupling between high voltage transmission lines 
and buried telecommunications cables. 

4.4.2 Car~'on Series 

Comparison of the error in the mutual impedance calculated using the Carson series 
implementation (Figure 4.5 and Table 4.2), with the Carson integral implementation 
(Figure 4.4 and Table 4.1) reveals that the author's adaptive algorithm fo r the evalua
tion of the Carson series equat ions ((3 .33) and (3 .34)) yields results which are essentially 
identical to those of the Carson Integral implementation. 

The author also im plemented the asymptotic formulae, (3.:35) and (3.36) with the 
correction series (3.38) . However discontinuities resulted in the plots of lllutual im
pedance as a funct ion of sepa.ration at the changeover point between the standard 
and asym pto tic series. This proved to be a significant problem when calculating the 
LEF from multiconductor transmission lines carrying balanced sequence currents as 
the changeover points for each conductor differed due to the different physical loca
tions of each conductor . Furthermore as cancellation of the conduc.tor fields was nearly 
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complete, small discontinuities in the mutual impedances resulted in signifi cant discon
tinui ties in the resultant LEF. The aut hor minimised this effect by locking the formulas 
so that the same formula was used for all phase conductors, reducing the number of 
discontinuities to t he one at which all formulas changed . Once the validity of the stan
danl series fo r values of R > 5 had been established t he author dispensed with the lise 
of the asym ptotic formula thereby avoid ing this problem . 

Frequency Ear th Resistivity Extreme £r Extreme £x Ext reme £11\ 
( Hz) (!l.m ) (%) (%) (%) 

50 20 0.008 0.000 O.OOR 
50 200 0.070 -O.OO;! 0.070 
50 2000 0.547 -0 .01:! 0.547 

500 20 0.059 0.002 0.059 
.\00 200 0.501 -0.011 0.500 
500 2000 3.474 -0.040 ;J.473 

.1)000 20 0.363 0.023 0.358 
5000 200 3.167 -0.020 3.154 
5000 2000 16.849 0.142 16.847 

Table 4.2. Extreme Relative Percentage Erro r~ for the Carson Series Model 

4.4.3 Acha Series 

From the graphs of Figure 4.6 and t he tabulated peak errors in Table 4.3 , it appears 
that t he Acha curve fit t ing model is a poor approximation to Zm. On closer examination 
however it is apparen t that the extremely high errors occur at large separations. There 
are two contributing factors to this phenomena: fnstly the Quasi-TEM model to which 
t he Acha curve fitting has been fit ted is not accurate in this region; secondly at a 
separation of ten times the skin depth 0, R ;: 1012 0, which falls outside the defined 
range for t his mode.! of 0 :5 R:5 12. Over the range for which the Acha Ulo(]el is valid, 
o :5 x :5 ~o ;::: 8.50, the error is comparable to that frolll the Carson integral and 
series implementations. The range of the Acha curve fitting model could be extended 
by t he derivation of further coefficients for values of R ;::: 12. 

A high level of ripple is also apparent on the percentage error graphs in Figure 4.6. 
This ripple arises from poor matching of the curve fitting functions at the ends of each 
interval over which they are fitted. Therefore the ri pple may be re(luced by decreasing 
the size of each interval, at the expense of larger look up tables . 

The presence of this ripple is a significant barrier to the applica.tion of this model 
to the tas k o(predicting t he inductive interference of Illulticonductor transmission lines 
carrying balanced sequence currents. The high gradient of the mutual impedance func
t ion at the ends of each subinterval Illay exaggera.te the differences between mutual 
impedances t hat are nearly equal, resulting in invalid conclusions. 

4.4.4 Complex Penetration 

Of all t he Quasi-TEM models considered in t his section, the complex penetration 
model is the only one for which significant errors result at medium separations of 
0.5 :5 x :5 50. These errors result from a.pprox.imations made during the derivation of 
this model (Sec.tion 3.5.3). 

At large separations the lllutual impedance and hence the error of this model tends 
to that of the Carson Integral and Series implementations, whilst at short separations 
the direct field from the conductor dominates and the erro r is small. The COlllplex 
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Figure 4.6. Percentage e rror between the Acha Curve Fitting and Exact Models for Induction frolll 
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F'rcquency Earth Resistivity Extreme Cr Extreme Cl( Extreme Em 

(Hz) (n.m) (%) (%) (%) 
!)O 20 13.735 0.912 13.736 
50 200 13.883 0.71.5 13.885 
50 2000 14.324 0.978 14.324 

500 20 13.467 1.533 13.451 
500 200 14.160 0.912 14.160 
500 2000 16.817 0.717 16.817 

5000 20 12.758 2.324 12.626 
5000 200 16.159 1.527 16.131 
5000 2000 28.264 0.937 28.263 

Table 4.3, Extreme Relative Percentage Errors for the Acha Curve Fitting Model 

Penetration model may be applied to the task of predicting the LEF in the immediate 
vicinity of the line and at large separations. Care lUust be exercised at intermediate 
distances however as the combined effect of the magnitude error and the gradient of 
the mutual impedance versus separation function may lea.d to invalid results. 

Frequency Earth Resistivity Extreme €r Extreme Ex Extreme Em 

( li z) (n .m) (%) (%) (%) 
50 20 ·11.072 ·9 .720 ·11. 124 
50 200 ·11.838 ·10.530 -11.954 
flO 2000 ·12.069 ·10.861 ·12.215 

500 20 ·8.974 ·7.601 ·8.899 
500 200 ·11.050 ·9.719 ·11.106 

500 2000 -11.651 ·10 .. 51.5 ·11.804 
5000 20 ·4.964 4.352 ·4.688 
5000 200 ·8.867 -7.590 ·8.773 
'>000 2000 16.822 ·9.597 16.821 

Table 4.4. Extreme Rela.tive Percentage grrars fo r the Complex Penet ration Model 

4.4.5 Summary 

The magnitude of the mutual impedance error calculated using the Quasi-TEM 
models discussed in this section exhibit similar error characteristics at large separations. 
These errors increase with frequency, earth resistivity and separation from the line. The 
author believes that this effect arises from the fact that the Quasi-TEM propagation 
assumption is not strictly valid under these conditions. 

The author considers that it is vaEd to use either the Carson integral mutual impe
dance equation or infinite series equation to calculate the coupling between high voltage 
transmission lines and buried te.lecommllnications cables. Over the range of parame
ters collsidered during this project the maximum error in a single mutual impedance 
calculation is e.xpecte_d to be of the order of 17%. Larger errors may result frolll Illulti
conductor line calc.ulations dlle to loss of significance. In cases where the Quasi-TEM 
propagation assumption is not strictly valid the Exact model has been used to confirm 
any significant phenomena. 

Th'e use of either the Carson asymptotic series, Acha curve fitting model or the 
complex penetration model for the task of predicting the LEF induced by Illulticonduc
tor lines carrying balanced sequence currents at large separations is not recommended 
due to the artificial LEF variations that these models introduce. . 
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Figure 4.7. Percentage error be~ween the Complex Penetration and Exact Models for Induction 

from a Single Conductor Transmission Line. The upper graph is the real enor I!:" the middle graph 

the imaginary error I!:., and the lower graph the magnitude enor I!:m. 
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As a consequence the majority of the numerical results presented in this thesis 
have been generated using the Carson infinite series implementation as they provide 
comparitble. accuracy to the Carson integral implementation for significantly less com
putational effort. 

The complex penetration equation, in conjunction with the vertical inducing loop 
model, have been used in analytical studies of the LEF in the immediate vicinity of 
transmission lines and at large separat ions. 

4.5 Inductive Influen ce of Single C onductor E arth Re
t urn Tra nsmission Lines 

The objective of this sect ion is to gain an appreciation of the factors effecting the in
ductive inlluence of single conductor earth return tra.nsmission lines, and to express the 
gross relationships between each factor and the LEF in the form of separable functions, 
where possible, that are easy to understand. 

Single conductor earth return transmission lines are seldom used in New Zealand, 
nevertheless they are a good system with which to commence the study of the induc
tive influence of transmission lines as they are free from the destructive interference 
phenomena of balanced sequence current flow in multiconductor lines, and hence are 
easier to understand. The results may aJso be applied to zero sequence current flow 
in multiconductor transmission lines, as at medium to large separations multiconduc
tor lines carrying zero sequence current may be approximated by a single earth return 
conducto r with little loss of accuracy. 

In this section it is assumed that the inductive influence of a single conductor 
transmission line is a ftlnction of current magnitude and frequency, resistivity of the 
earth, conductor height and the separation between line and telecommunications cable. 
It is not necessary to study the dependence of the LEF on current magnitude, as the 
media are assumed to be linear and therefore the inductive influence is a separable, 
linear ftmction of conductor current (LEF -:::: -IcZm). The dependency of the inductive 
influence on the remaining variables was studied by perturbing of each of these variables 
from the base values defined in Figure 4.2, and evaluating the ratio of: 

I PerturbedLEF1 
IUnperturbedLEFI 

This ratio was then plotted either as a function of separation or the perturbed variable 
to determine the sensitivity of the LEF to small variations about the base values, and 
to establish whether or not the LEF could be expressed as a separable function of the 
perturbed variable. 

4.5.1 Frequency Dependence 

Figure 4.8 is a plot of the LEF ratios for frequencies one half and twice the base 
frequency, as a func.tion of separation from the line. 

In the immediate vicinity of the conductor the 'LEF appears to be highly dependent 
on frequency, while at large separations it is substantially independent of frequency. 
Furthermore the LEF ratio tends to a constant value as the separation tends to infin
ity, indicating the perturbed and unperturbed fields decay at the same rate at large 
sepa.rations. 

The frequenc.y sensitivity is confirmed by Figure 4.9, which is a graph of the LEF 
ratio versus frequency at a point immediately below the line, and at a second point 
at a separation of 4000 tn . Note that the LEF at 4000m is frequency dependent, but 
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notably less so than that in the immediate vicinity of the line. In both cases the LEF 
increases with frequency. 

Given that the frequency dependence. is a function of separation, it is not possible 
to separate these variables in general. 

4. 5 .2 Earth R esist iv ity D ep enden ce 

A plot of the LEF ratios for earth resistivities of one half and twil~e the base resis
tivity is presented in Figure '1.10. In this case the LEF in the immediate vicinity of 
the tine is only slightly dependent on earth resistivity, while i.n the far field the LEF is 
approximately directly proportional to earth resistivity, as shown in Figure 4.11. As a 
consequence it is not possible to separate earth resistivity dependence from se.paration. 
Once again the LEF ratios tend to a constant values ai the separation tends to infinity 
indicating that the rate of de.cay of the field with separation is Ilnaffecte.(\ hy earth 
resistivity perturbations. 

4.5 .3 H eight D e p endence 

As the conductor height is increased the field intensity in the immediate vicinity of 
the line decreases, while that at large separations increases (Figure 4.12). The decrease 
near the line is a non-linear function of the perturbation, while the increase at large 
separations ·is approximately linear (Fig\lre 4.13). In the limit as the separation tends 
to infinity the LEF ratio tends to a constant value .. The ratio is only slightly perturbed 
by doubling or halving the conductor height however . 

4.5.4 Separat ion D ep endence 

Figures 4.14 and 4.15 contain graphs of the real and react ive components of the 
mutual impedance as a function of separation. The magnitude of each component of 
the mutual impedance relative to the magnitude of the total impedance is displayed in 
Figure 4.16. It is apparent that the dominant ("omponent of the impedance in the vicin
ity of the line is inductive. As the separation increases the inductive component decays 
more rapidly than the resistive component, and crosses the axis becoming capacitive 
over a short interval (Figure 4.15). At large separations the resistive component of the 
mutual impedance dominates, although the fraction cont ributed by each component 
remains constant indicating that they are decaying at the same rate. 

The effec t of moving the transmission line 5 m closer and further away from the 
cable is depicted in Figure 4. 17. Reducing the effective separation increases the mutual 
impedance and vice tlersa. In this case however the ratio of perturbed to unperturbed 
LEF tends to unity as t he separation tends to infinity. 

4.5.5 Summary 

The LEF dependencies in the immediate vicinity of a single conductor transmission 
line are. different from those at large separations. As a consequence it is not possible. 
to decouple the effects of frequency, earth resistivity and conductor height from that of 
separat ion. 

A partial decoupling may be achieved by considering the phenomena which occur in 
the immediate vicinity separately from those at large separations. The author has de
fined phenomena occurring near the line to be Near Field effects, whilst those that arise 
at moderate to large separations are termed Far Field effects. Within each region the 
gross field dependencies may be expressed as separable functions wi t h the dependencies 
listed below. 
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Figure 4.10. Ratio of Perturbed/Unperturbed LEF from Single Conductor Line as a function of 

Separat ion when the Resistivity of the Earth is Doubled (solid line) and Halved (dotted line) 
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Figure 4.14. Real (dotted line) and Reactive (solid line) Components of Mutual Impedance froll1 

Single Conductor Line as a Function of Separation 
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Near fi eld region: Region in the immediate vicinity of the line where the direct field 
from the co nd uctor dominates. Within this region the LEF is: 

• linearly proportional to conductor current, 

• approximately linearly proportional to freq\lency~ 

• substantiaUy independent of earth resist ivity, 

• highly sensitive to concl"uctor geometry with respect to cable location, any 
pertu rbation which decreases the radial distance between the line and the 
cable will increase the LEF and t!icc vcr'8a . 

Fa r fie ld r eg ion In this region the direct field from the conductor and the field in 
duced by current flow within the. earth decay at the similar rates which are inde· 
pendent of frequency, earth resis tivity a.nd conductor geometry. Th us the ratio of 
perturbed to unper turbed field induced by a single conductor transmission line 
in the far field region tends to a. constant value. T he far field LEF is: 

• linearly proportional to conductor current, 

• substantially independent of frequency, 

• approximately linearly proportional to earth resistivity, 

• relatively insensit ive to conductor geometry, although the LEF does increase 
with conductor height . 

It must be noted that the Far Field in this context differs from that used in antenna 
engineering (Ramo et ai., 1984). In this case the dominant fields arc structure attached, 
not radiated, and all dimensions are small in relation to the wavelength. 

The transition be tween the Near and Far field regions is gradual, and depen<ls upon 
frequency and earth res ist ivity. However the LEF ratios are generally within 30% of 
the far field values when the separation exceeds approximately twice the skin depth of 
the earth . 

The de pendencies listed above have been confirmed ana.!ytically using the Complex 
Penetration model , and the new Vertical Inducing Loop model (Section 4.8) . 

The mechanisms that give rise to t hese dependences are the 5 \1 bject of the following 
sections. 

4.6 Physical Interpretation of Existing Earth Return 
Transmission Line Models 

A review of the physical interpretations of existing earth return transmISSion line 
models is presented in t his section. Detailed physical interpretations of these models 
were presented in Chapter 3. 

P}lysical interpretations of existing mutual impedance models may be divided into 
three categories: 

• electromagnetic wave interaction, 

• skin effect, 

• equivalent image. 

These interpretations arise from knowledge of the physics of electromagnetic fields 
and from the form of the resultant mathematic.a.! models. All Qf these interpretations 
are valid ways to regard the fields around a conductor above a homogeneous earth. 

THE LIBR,.Ry 
.Y{IVERSITY OF eANTERBUD 

CH"ISTOHUROH. ~ 
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In the electromagnetic wave interpretation the resultant field in the air is considered 
to be the sum of a di rect or incident wave from the conductor and an earth wave 
generated by current flow within the body of the earth . The earth wave is a partial 
reflection of the incident wave. Energy from the incident wave is also transmitted 
into the earth where it dissipates in the lossy media. As the direct and earth waves 
waves are approximately l80 degrees out of phase with one another, they produce a 
destructive interference pattern in the air. This interpretation of the field in the air 
is shared by both the Exact and Quasi-TEM wave propagation models, and has been 
used to construct multi-layer versions of the Complex Penetration model (Chapter 3). 

Further insight into the form of the field can be gained by dividing the earth wave 
into ideal and co rrection components. The ideal component is t he reflected field that 
would arise if the earth were perfectly conducting, while the correction wave accounts 
for the distortion due to the finite conductivity of the earth. As the ideal compo
nent represents a perfect reflection, it can be represented by an image, which cancels 
the direct field from the conductor at the air-earth interface. The correction wave is 
expressed in terms of indefinite integrals for which no simple interpretations exist . 

Unfortunately little physical insight can be gained into the factors effecting induc
tion into telecommunications cab les from this interpretation. At low conductor heights 
and at the air earth interface the correction component is dominant. Within the earth 
the only component of the field is the transmitted wave which has the same mathe
matical form as the correction ,ter·m. As no simple interpretations exist for either the 
correction or transmitted waves, little insight can be gained. 

It is possible to make a few predictions in the extreme case where the parameters 
of the earth approach those of an ideal conductor. In this case the correction wave 
and transmitted wave tend to zero , and the system can be approximated by the direct 
and ideal waves alone. Unfortunately this is not a reasonable assumption to make for 
typical earth structures at power system harmonic frequencies. 

The situation of a conductor above the earth may also be regarded as a skin effect 
phenomena. It is more complicated than traditional skin effect problems as the earth is 
a semi-infini te body and is subject to extreme proximity effects. As a consequence the 
magnitude and phase of the current in the earth vary greatly with depth and transverse 
distance from the line. Furthermore circulating currents are induced to flow within the 
body of the earth. The current distribution is dependent on the parameters of the earth 
and frequency. At power system harmonic frequencies conduction currents in the earth 
are generally larger than displacement current, therefore traditional skin effect concepts 
for good conductors may be applied (Ramo et al., 1984)[Chapter 3] . Unfortunately the 
complexity of the electromagnetic field and hence current distribution within the earth 
limits the insight that can be gained from this approach. 

An alternative approach for solving the skin effect problem has been developed 
based upon ap proximation of the earth by a system of parallel lossy conductors (Section 
3.5.4). This method trades the complexity of the detailed continuous electromagnetic 
field skin effect models for a quantised approximation which requires t he self and mutual 
parameters of discrete regions of the earth . The system of equations that results may 
then be reduced to de termine the desired parameters. Although this model reduces 
the complexity of the physical environment and the resultant mathematical model, it 
provides only limite_d insight into the mechanisms that give rise to these effects and 
introduces error into the analysis t hrough the use of discrete approximations. 

The lossy earth may also be replac~d by an equivalent image conductor, as in the 
case of the complex penetration model. To account for both the real and reactive 
components of the mutual impedance, it is necessary to place this image at a complex 
depth. While this approach appears to offer a simple physical equivalent for the con-
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cluctor - earth system, it does not as complex dimensions have no physical meaning. 
Decomposition of the complex penetration model has demonstrated tha.t the inductive 
component of the mutual impedance calculated using this model is equal to that from 
a three filament system in which the earth is approximated by two discrete filamentary 
currents (Section 3.5.3). 

The author has also developed approximate models for the mutual impedance be· 
tween high voltage transmission lines and telecommunications cables based upon the 
approximatio n of the continuous current distribution within the earth by a finite number 
of discrete filamentary currents. Details of these models are contained in the following 
sections. 

4.7 Fila m enta ry C urrent Mode lling 

The object ive of tills work was to develop efficient mo(lels for the mutual impe
dance between high voltage transmission lines and buried telecom mu nications cables 
which had simple physical interpretat ions. This work was motivated by the regular 
and apparently simple relationships between frequency, earth resistivity and geometry 
of single and mult i conductor transmission lines and the l'esultant inductive influence 
(Section 4.5 and Chapter ,5). F\trthermore the accuracy of t he complex penetration 
model which approximates the inductive component of the earth return current distri
bution by two Hlamentary currents suggested that such an approach may yield accurate 
results (Section 3.5.3). 

Before deriving the models, the mechanisms which effect the current distribution 
within the earth are reviewed. A plausibility argument for the current distribution in 
the earth below a. single conductor transmissio n line is presented (Section 4.7. l ), which 
is confirmed using the exact model (Section 4.7.2). The t heoretical basis for filamentary 
current modelling is discussed in Section 4.7.3 and a brief summary of the method and 
conclusions from this work is given in Section 4.7.5 . 

This section serves as background fo r Section 4.8 in which the Vertical Inducing 
Loop, the most successful filamentary current model , is discussed. 

4.7.1 Pla usibility A r gument 

Consider the case of a single conductor earth ret urn transmission line depicted HI 

Figure 4.2. Current flow on the line lc(xc,yc,z,t) induces an alternating flux which 
penetrates the earth. T he dominant component of t he electromotive force induced in 
the earth is E~'(xc, Yc, z, t) which is proport ional to the rate of change of flu.x and lags 
the conductor current by ninety degrees (Figure 4.18). As the flux density induced by 
a cylindrical conductor decreases with radial distance (Ramo et at., 1984, Chapter 2) 
the electromotive force is greatest in those regions of the earth closest to t he conductor. 

The earth is a lossy conductor and therefore its self impedance contains both re
sistive and reactive components. Consequently the current induced in the earth (Ie) 
lags the electromotive force by an angle of less than ninety degrees as shown in Figure 
4.18. This current may be decomposed into ill-phase and quadrature currents lep and 
[eq defined in Figure 4.18. 

Each region of the earth induces current to flow in neighbouring regions by means of 
the magnetic field it produces. However remote regions are screened by the intervening 
earth material, and as a consequence the current density in the earth decreases rapidly 
with increasing depth and distance from the line. The self impedance of a region of the 
earth and hence its screening ability and current are dependent on freqllency and the 
electrical characteristics of the earth. 
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Co-o rd inate Syst em 

Where 

Ie = longitudinal earth current (A) 
lep = in-phase component of t he earth current (A) 
leq ::::: quadrature com ponent of the earth current (A) 

Figure 4.18. Earth Current Phasor Diagram 

The conductor current fc , in conjunction with the in-phase earth current lep. induces 
flux in phase with the conductor current, resulting in a react ive mutual impedance cou
pling to neighboll ring systems. The magnetic coupling between the quadrature current 
feq an el other systems also results in a purely react ive mutual impedance. However from 
the conductor current frame of reference, this mechanism produces a purely resistive 
Illutual impedance due to the ninety degree phase difference between the quadrature 
and conductor currents. 

As the condu ctor-earth system is closed, the total current flow must be zero. The 
net in-phase current flow in the earth , lep, must be of equal magnitu de and opposite 
phase to the conductor current Ie; as the earth is the return path for t he transmission 
line, while the total quadrature Cllrrent Ieq flow wi thin the earth must be zero. In-phase 
and <Ju adrature currents will flow in hoth directions in different par ts of the earth, as 
curren t flow in one region induces curren t flow in the opposite direction in neighbouring 
regions. 

If the earth is loss less then the self impedance of the ear th is purely induct ive, there 
is no quadrature current and therefore no resistive component of the mutual impedance. 

4.7.2 Ideal Distribution 

The cu rrent distribution in the earth can be readily determined from the axial 
electric neld using the relat ionship 

1 
Ie = Ez( - + JW€e) 

p, 

[n practice the displacement current co ntribution may be ignored as it is negligible 
in comparison to the conduction current at power system harmonic frequencies . 
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Figures 4.19 and 4.20 are graphs of the real and imaginary components of the axial 
electric field Ez within the earth below a single conductor transmission line from which 
the current density may be derived. The magnitude of the resultant field is pJotte<1 
in Figure 4 .21. The Exact model has been used calculate ~e field to a depth of 800 
til (five times the skin depth 6 of the earth) and horizontal separa.t ion of 800 III frolll 
the line, which carries a curre.nt Ie of 1 A at 1000 Hz and is located 10 III above a 
homogeneous earth with a resistivity of 100 n.m. As the field is symmetrical about 
the plane x = 0 only that for x 2: 0 is shown. The imaginary component of the field 
gives rise to the in-phase Clurent f cp , while the real component causes the quadrature 
current f cq to flow, as Ez lags Ie by 90 degrees. 

Figures 4.22, 4.23 and 4.24 are de.tailed contour plots which show the fine structure 
of the axial electric field below ground. The greatest field intensity (and hence current 
magnitude) occurs at t he surface of the earth immediately below the transmission \..ine 
(Figure 4.21). However the peak real component of the field (and hence quadrature 
current leq) occurs below the surface of the earth at a depth which is frequency, earth 
resistivity and conductor height dependent (Figure 4.22). TIle imaginary component 
of the field and hence in-phase current l ep (Figure 4.23), is generally larger than the 
real component of the field but has a smaller extent. 

In-phase and quadrature currents are observed to flow in hoth directions within the 
earth. In t.egration of the curre~t density distributions confirms that the net quadrature 
cu rrent flow 'in the ear th is zero while the net in-phase current is equal to the conductor 
current but flows in the opposite direction. 

It is also interesting to note that the contours for the magnitude of the field (Figure 
4.24) are almost circular, although they are not concentric. The centres of these con
tours lie on the phne x = xc, and increase in height with decreasing contour magnitude. 

These results are in agreement with the predictions of Section 4.7.1. 

4.7.3 Theoretical Basis 

Filamentary current models are designed to approximate the steady state harmonic. 
coupling between high voltage transmission \..ines and buried telecommunications cable-so 
As the only coupling mechanism of consequence under normal operating conditions 
is that due to the alternating magnetic field, filamentary current models Ileed only 
represent the magnetic component of the electromagnetic field. This is a ac.hieve(l 
by replacing the transmission line conductor and the earth with a system of parallel 
filamentary currents in air. An example of one such arrangement is given in Figure 
4.2.\ . 

Only axial current flow can be represented by axial filamentary currents, therefore 
filamentary models are only va\..id when the transverse currents in the earth are smail, 
or in other words when the Quasi-TEM propagation assumption is valid. 

In the \..imit, as the number of filaments 1nf --+ 00, the magnetic field and hence the 
lllutual impedance tends to Carson's result. 

The mutual impedance from this system of filaments to a conductor at (x,y) Illay 
be determined using lossless propagation theory and the concept of superposition. Fil
amentary currents may be considered to be ideal, infinitely thin conductors. The only 
wave that may propagate along an electrically small, lossless system is a TEM wave 
(Section 3.3.1). As the media are linear, the mutnal impedance may he found by 
superposition of Equation (3.9), giving Equation (4.9) . 

lIIf 

Ziti = ~ J~~'" L: wr( n) In (rr( n)) 
"",,0 

(4.9) 
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Figure 4.21. T hree dimensional Plot of the Magnitude of the Axial Electric Field Below Ground 
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Where 

h(n) = Current in filament n (A) 
For n = 0, I, . .. mr 

xr(n) = x ordinate of filament n (m) 
For n = 0, I, ... mr 

Yr(n) = y ordinate of filament fl (Ill), negative as the filaments are below the 
former surface of the earth 
For n = 0,1" .. mf 

rr(n ) = Radial distance between filament n and the observation point (m) 
= 1(. .,(n))' + (y y,(n))' 

For n = 0, I, ... mr 
wr(n)= Filament current weighting factor 

= Irt) 
71lf = Number of filaments approximating the continuous earth current distri

hution. The total number of filaments is 1Hf + 1, as one filament (number 
o ) is used to represent the conductor current. 

F igure 4.25 . Modelling of the Continuous Ea.rth Current Dist ribution by a System of Fila.mentary 

Currents 
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Both in phase and quadrature fields must be represented to give the real and reactive 
components of the mutual impedance. Therefore the current weighting factors fo r each 
filament, wr(n), are complex. 

There are a number of constraints, listed below, which are imposed upon filamentary 
models by the physics of the situation. 

• Filament 0 represents the transmission line conductor. Therefore xr(O) = Xc, 

Yr(O) = y, and /r(O) = I,. 
• The magnitude of the magnetic field and hence filament posit ions and weighting 

facto rs must be symmetric about the vertical plane x = xc. 

• The sum of the weighting factors must equal zero. This is simply the requirement 
that the total quadrature current in the earth must be zero, while the total ill 
phase earth current must equal that in the line but flow in the opposite direction. 

4 .7.4 D erivat ion M ethod 

To derive a filamentary current model it is necessary to calculate the weighting 
factor wr(n), x ordinate xr(n) and Y ordinate Yr(n) for each fi laJuent. These values are 
functions of frequency, earth resistivity and conductor geometry. Empirical formulas 
may be derived which describe· t he relationship between these variables and the filament 
coefficients. The effort required to evaluate these functions increases rapidly with the 
num ber of filaments and hence coefficients that must be determined . Imposition of the 
constraints of Section 4.7 .3, in particular the symmetry constraint, greatly reduces the 
numbe r of variables however. 

A multidimensional optimisation program based on the Simplex method (Neider and 
Mead, 196.'5) was developed to determine the coefficients of the filamentary model for 
a given situation. Each variable was perturbed to identify the dominant dependencies 
with the objective of developing empirical equations to describe them. The explicit 
nat ure of the constraint equations allowed them to be used to reduce the number of 
variables, avoiding the need to use a constrained optimisation method. The real and 
reactive components of coefficients were determined separately to further reduce the 
num ber of variables being optimised at a time. Error funct ions were based upon the 
discrepancy between the filamentary model and the reference model (Carson, Complex 
Penetration or Exact models) over a range of separations. Either least sq uares , peak 
absolute error, normalised errors or integrals of these quantities were used to quantify 
the mismatch between the models. 

4.7.5 Summary 

From the results obtained lIsing filamentary models with up to five filaments it 
soon became apparent that considerably more than five filaments would be required to 
obtain the desired accuracy. It was particularly difficult to match the real component 
of the mutual impedance, due to the wide spread of the quadrature current withi n the 
earth (Figure 4.22). Acceptable accuracy could be obtained by increasing the number 
of filaments, however this would have greatly increased the complexity of the model 
obscuring the physical interpretation, and reducing the computational efficiency. It was 
at this stage t hat the Acha Curve Fitting model was completed (Section 3.5.2). Simple 
filamentary models could not match the accuracy and computational efliciency of this 
method , and therefore work on t he development of accurate filamentary models fO I" the 
Illutual impedance between high voltage transmission lines and buried telecommunica
t ions cables was abandoned. 
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4 .8 Vertical Inducing Loop Model 

Existing mutual impedance formulas are complicated integral functions of many 
variables, or logarithmic functions of complex dimensions (Section 3.5). As a conse
quence it is difficult to gain an understanding of the physical mechanisms affecting the 
indllctive influence of transmission lines (Section 4.6). 

The Vel'ticallnducing Loop (V IL) is a primitive filamentary model that has been 
developed by the author to explain the observed inductive influence phenomena of 
high voltage transmission lines. Two forms of the model are presented, the basic VIL 
model which provides an estimate of the magnitude of the mutual impedance only, 
and the phase corrected VIL model which provides estimates of the real and reactive 
c.omponents of the mutual impedance. 

4.8. 1 Basic Vertical Inducing Loop (VIL) Model 

The basic Vertical Inducing Loop model approximates a single conductor earth 
return transmission system by a pair of filamentary currents located in air as shown 
in Figure 4.26. The upper filament represents the transmission line, and therefore is 
constrained to lie on the conductor axis and caTTy a current of Ie A. The lower filament 
approximates the continuous earth return current distribution and is constrained to 
carry a current of - Ie A, and lie in the same vertical plane as the line conductor 
filament. These filaments form a vertical loop of circulating current which induces 
a LEF in parallel conductors, hence the name of the model. The effect of the lossy 
earth is incorporated into the model through the expression for the depth of the return 
filament Yf( 1). 

Simple approximations of this form have been used in the past to est imate the 
mutual coupling between transmission lines and communications cables (Johansson 
and Ekstrom, \989). The model proposed here employs a different expression for the 
depth of the return current filament, Yr(l) . 

The VIL model is a gross approximation of the earth current distribution as it 
considers all of the current to be concentrated at a single point and it ignores the 
circulating currents that flow entirely within the earth. Furthermore only in-phase 
components of the current are represented, the quadrature current which produces 
the resistive component of the mutual impedance is not represented. The effect of 
the resistive component of the mutual impedance has been included in the VIL model 
however by fitting it to the magnitude of the mutual impedance rather than the reactive 
component alone. 

4.8.1 .1 Theoretical Development 

The magnitude of the lllutual impedance between a single conductor transmission 
line and a buried cable according to the VIL model is 

IZ",I w~'l J(x x,:}'l + (y y,(l IF 
(4.10) 

2. n J(x xoF + (y YeP 
= WJ1-a In Tf(l) (4. 11 ) 

2. r,(O) 

To determine Yf( l }, the author imposed the additional requirement that the mag
nitude of the mutual impedance calculated using the VIL model should tend to that 
of Complex Penetration model as the separation tends to infinity. This is expressed 
mathematically in equation (4.12). 
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x 

.,(0), x,(1) .( 

• Line Conductor Filament (0) 

r,(O) 

y,(O) 

Former earth surface 

y,(l) r,(l) 

Observat ion Point 
y 

• Earth Return Filament (1) 

Where 

Ir(O) == Current in line conductor filament == 1,:; (A) 
Jr(l) = Current in earth return filament = - Ie (A) 
xr(O) = X ordinate of the line conductor filament = Xc (m) 
xr(l) == x ordinate of the earth return filament = Xc (Ill) 
Yr(O) = Y ordinate of the line conductor filament = Ye (Ill) 

113 

Yr(l) = Y ordinate of the earth return filament (m), which is negative as the 
filament is below the former surface of the earth 

rr(O) = radial separation from line conductor filament (m) 

= J(x - x,)' + (y _ yo)' 
rf(l) = radial separation from earth return filament (Ill) 

= J(x - x,)' + (y - y,(l))' 

Figure 4.26. Vertical Inducing Loop Mode! 
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~ 1 (4.12) 

Where 

IZmvU'1 = Magnitude of the mutual impedance calcula.ted using the 
Vert ical Inducing Loop model (!1). 

IZmCQllIPlex Penetratiolll = Magnitude o(the mutual impedance calculated using the 
Complex Penetration model (,0). 

This yields the following expression for Yf( 1). 

(4.13) 

Where 

= Skin depth of the earth (Ill) 

~ J2& 
w~. 

As the resistivity of the earth Pe --+ 0, Yr(l) --+ -Yel which is t he lossless earth 
result. 

The principal disadvantage of (4 .13) is that dept h of the lower filament is a function 
of cahle height y . However for the case of harmonic induction into buried telecommun
ication cables 6 > y and 6 > Ye' Equation (4 .13) can therefore be app roximated 
by 

Yr(l) '" - /2, _ ~ _ (1 - /2)y 
/2 v'2 

(4.14) 

The term involving y may be omitted with li ttle loss of accuracy for shallowly buried 
cables yielding 

(4.15) 

making the geometry of the Vertical Indu ci ng Loop independent of cable location. 

4 .8.1.2 Physical Interpret ation 

The Vertical Inducing Loop model allProxi mates the continuous current distribution 
within the earth with a discrete current filament, and therefore may be regarded as 
simple physical approximation of reality. Alt ernatively it may be considered to be 
an adaptation of the lossless image model in which the depth of t he image has been 
increased to account for the penetration of current flow into the lossy earth. 

Each filament carries the same current, but in opposite directions, resulting in a de
structive magnetic field interference pat tern . The magnitude of the mutual impedance 
is proportional to the natural logarithm of the ratio of t he radial separations, enabling 
;u:,curate predictions of the LEF to he made from simple geometric concepts. 

The dependencies of the inductive j'nflucllce of a single conductor transmission line 
in the immediate vicinity of the line differ markedly from those at mo(lerate to large 
separations, and have been classified as either Near or Far field effects (Section 4.5). 
The near field region is the region in the immedia.te vicinity of the tine. where the direct 
contribution from the transmission line filament dominates as Tr(O) <t: Tr(l). In this 
region rapid field variations occur with separat ion (rf(O) increases rapidly with sepa
ration while rr(l) increases only sHghtly due to the depth of the ret urn 'filament). In 
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the far field region the observation point is very nearly equid istant from the filaments. 
The fields therefore cancel almost completely, and decay at similar rates with separa
tion. The dependencies of the fields in each of these regions, determined using the VIL 
model, are reported below. 

4 .8.1.3 Near Field Approximation 

In the near field region Tr(I)!rr(O):» I. The logarithm of this ra.tio and hence the 
mutual wupLing tends to be relatively insensitive to Tr(l), but highlY sensitive to Tr(O). 
~"u rthermore, for small separations Tr( 1) ::;:: Y - Yf( t), and therefore 

Iz I " w~' ln (V - Yf(I)) 
III 21!' rr(O) ( 4.16) 

Inserting the linear approx.imation for the earth retmn -filament depth and neglecting 
the term involving Y in t~e numerator gives 

IZml " w~'ln ( f!!£. + l!;; ) 
2, V(z _ z,)' + (Y - V,)' 

(4. 17) 

Consequently the inductive influence in the Neal' Field region is expected to he 
highly dependent on conductor geometry, approximately direc.tly proportional to fre
quency, hut substantially independent of earth resistivity variations. These predictions 
are in agreement with the observed behaviour for the single conductor line (Section 
4.5). 

4.8.1.4 Far Field Approximation 

At large distances from the line Tr(l)!Tr(O) ::;:: 1, resulting in a high degree of field 
cancellation. As x - Xc tends to 00 Equation (4.1 0) redu ces to 

I
z 1= w~. (V - Vf(I))' - (V - V,)' 

m 4 ( )' 11' X Xc 
(4.18) 

To remove the dependence of this expression on the height of the observation point 
y, it may be assumed that Y::;:: Ye, giving 

I
z l_w~.(V'-Yf(I))' 

In ""'-4 ( )" 1!' X - Xc 
(4 .19) 

The inductive influence, according to Equation (4.19), for a cable in approx.imately 
the salUe plane as that in which the line -filament lies is proportional to the square of 
the vertical distance between the filaments (Ye - Yf{l)) and decays as the reciprocal of 
the separation squared. This simple concept enables accurate predictions of the LEF 
induced by Illulticonductor transmission lines to be made without recourse to numerical 
evaluation (Chapter 5). 

Equation (4 .19) may be further simplified by the insertion of the linear approx.ima
tion for the depth of the earth return ftiament (4 .15), yielding 

, 
w~. [(! + :j; )V, + .)2, I 

IZml " -4 ( )' 
11' X - Xc 

( 4.20) 

As the skin depth is generally much greater than the conductor height the far field 
approximation becomes 

(4.21 ) 
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i.e. proportional to earth resistivity and substant ially independent of frequency and 
conductor height, which agrees with the observed dependencies for the single conductor 
line (Section 4.5). 

4.8.1.5 Accuracy 

Figure 4.27 contains graphs of the relative errors Cn G;o;: and Em between the VIL 
model (4 .11) and the Exact model when applied to the task of calculating the mutual 
impedance between the single conductor line of Figure 4.2 and a buried cable. Error 
profiles for frequencies of 50, 500 and 5000 Hz, earth resistivities of 20, 200 and 2000 
fLm, and separations from 0 to lOx the skin depth of the earth have been evaluated. 
Peak relative errors for each trace are listed in Table 4.5. The exact expression for the 
depth of the return filament (4.13) has been used. 

Error profiles are included for the real and reactive components of the mutual 
impedance, despite the fact that the VIL model is only intended to represent the 
magnitude of impedance, for comparison with the Phase Corrected VIL model presented 
in Section 4.8.2. It has been assumed that the impedance in this case is purely resistive. 
The error l)fofile graphs of Figure 4.27 inclicate that this is a reasonable approximation 
at moderate to large separations, but is totally inappropriat.e in the immediate vicinity 
of the line. 

Over the range of conditions studied the peak relative magnitude error ~m is less 
than 26%. It is low in the immediate vicinity of the line and at moderate to large 
separations. Significant errors occur at intermediate separations of between 0.5 and 
" times the skin depth of the earth. The accuracy is good in the immediate vicinity 
of the line as the dominant component of the field is the direct field from the line 
conductor which is accurately represented by a filamentary current along the axis of 
the conductor. At intermediate separations the direct conductor field has decayed to 
the extent that the. contribution from the earth cmrent distribution becomes Significant. 
The separation is still relatively small in relation to the extent of the current distribution 
within the earth, and therefore the field induced by a single filamentary current located 
at the centre of this distribution is only a fair approximation of the continuous earth 
current fiel<1. As the separation becomes large in relation to the extent of the CUfrent 
distribution, the field from the cont inuous distribution tends to that of a single current 
filament and hence the accuracy of the model improves. 

Significant errors occur at large separations when the frequency and earth resistivity 
are high. Other Quasi-TEM models display similar characteristics (Section 4.4). Thls 
error is believed to be due to the Quasi-TEM propagation assumption becoming invalid 
under these conditions. 

Figure 4.27 indicates that the Vertical Inducing Loop model using the exact expres
sion for the depth of the return filament, is a good approximation to the magnitude of 
Illutual coupling. 

The accuracy of the VIL model has also been calculated for the case when the linear 
approximation, (4.15), is used to calculate the depth of the return filament. In all cases 
studied the relative errors were within 2% of those calculated using the exact depth 
expression (4 .13). 

4.8.1.6 Limitations of Basic VIL Model 

The Vertical Inducing Loop model is a powerful tool for studying the factors ef
fecting the steady state inductive influence of transmission lines. Difficulties can arise 
when llsing t his model to predict the LEF due to balanced sequence current flow in 
mliiticondnctor lines however. The far field LEF in this case is the residual of the near 



4.8. VERTICAL INOUCING LOOP MODEL 11 7 

100 

~ 
~ 50 
~ 

0 
~ 0 ~ 

~ 
LU 

'" Ql -50 a:: 

-100 
0 2 4 6 8 10 

Separation (Skin Depths) 

liP 
E -50 

-100L-----~----~------~----~----~ 
o 2 4 6 8 10 

Separation (Skin Depths) 

100,-----~----~------~----~----_, 

-100L-----~----~------~----~----~ 
o 2 4 6 8 10 

Separation (Skin Depths) 

Figure 4.27. Percentage error between the Vertica.! Inducing Loop and Exact ModeL~ for Induction 

from a Single Conductor Transmission Line. The upper graph is the real error t " the middle graph 

the imaginary error t . , and the lower graph the magnitude error tm. 
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Frequency Earth Resistiv ity Extreme ~r Extreme ex Extreme em 
( li z) (ll.m) (%) (%) (%) 

50 20 -79.563 97.922 24.190 
50 200 -84.372 98.728 24.714 
50 2000 -87.446 99.154 24.899 

500 20 -71.560 96.253 22.659 
500 200 -79.560 97.92 1 24.215 
500 2000 -84.354 98.725 24.867 

5000 20 -58.103 92.575 18.712 
5000 200 -7 \..\29 96.246 22.796 
5000 2000 -79.374 97.893 25.308 

Table <l .r;, Extreme Relative Percentage Eno rs fo r the Vertical Inducing Loop Model 

complete ca.ncellation of the individual conductor fields. As such it is highly sensit ive to 
the slight differences ill both magnitude and phase of the mutual impedances between 
each transmission line conductor and the cable. Erroneous results may be obtained 
when calculating the balanced sequence far field LEF induced by tra.nsmission lines in 
which the conductors lie in different horizontal planes using the basic Vertical Inducing 
Loop model, due to the inability of the model to represent the slight differences between 
the phase angles of the mutua.l impedances that result from differing conductor heights. 

An extension to the basic Vertical Inducing Loop model is described in the following 
section which overcomes this problem. 

4 .8.2 Phase C orrect ed VIL M o de l 

In thi s sect ion a modified version of the VIL model which includes the phase of the 
mutual impedance is described. 

4.8.2. 1 T heor etica l D eve lopment 

T he phase of the mu tual impedance is a function of separation, displaying signifi
cantly different characte ristics in the near field region to those in t he far field. In the 
near field region the reactive component of the mutual impedance dominates. As the 
separation increases the resistive component becomes dominant. The ratio of the real 
to reactive components tends to a constant value as the separation tends to infinity 
(Sect ion 4.5). 

It was not considered appropriate to model this dependency in detail as it would 
have greatly increased the complexity of the model, obscuring its physical interpreta
tion. Furthermore detailed modelling is not warranted in the a.uthor's opinion given 
the modest magnitude accuracy of the basic Vertical Inducing Loop model. 

The principal requirement of the Phase Corrected VIL model was that it should 
yield accurate results in the far field region. Phase correction for the far field region 
has been implemented by multiplying the basic VIL result by a. complex constant . The 
value of th is constant was derived by evaluating the ratio, as the sepa.ration tends 
to infinity, of the real to react ive components of the muhlal impedance deterniined 
Ilsing the complex penet ration model. The resultant far fie ld phase correction factor is 
I)resented ill (4.22). 

o(y + y, + 0) + J(2yy, + o(y + Yo)) 

)O'(y + y, + 0)' + (2yy, + o(y + Yo))' 
(4 .22) 
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It is apparent from Figure 4.27 that the greatest relative error in the real and reactive 
mutual impedances calculated using the basic VTL model occurs in the imme(liate 
vicinity of the transmission line, and is of the order of 100 %. Given the good magnHude 
accuracy of the VIL IlIodel in this region, it was considered to be worthwhile to derive 
a second phase cons tant for usc in the lIear field region. The near field phase factor, 
derived from the complex penetration model for a separation of 0 Ill, is given ill (1 .23). 

J in (Y+YcH-J6) 
IY-yc! 

lin (y+y,H-J') I Iy yel 
(4 .23) 

The transition between the near and far field regions has been specified as one skin 
depth 6, for the pllTposes of switching between the ne~1" and far field phase constants, 
(4.22) and (4.23). The resultant phase corrected VIL model is therefore: 

Z VIL 

'" 
J tn (Y+rtC+;cIJ6

) W1J.a (y - Yr( 1 )rl _ (y _ Yc)2 
= lIn (Y+ltC+~116) I 41r (x - x,y 

For Ix - xci ~ 6 

= '(y +ud 'l+ i(2yy, H(y+ Yo)) WI'. (y - Yf(1))' - (;' - Yo)' (4.24) 

V"(Y + Y, + ,)' + (2yy, + ,(V + Yo))' 4< (x - x,) 

For Ix - xci> 6 

The addition of complex phase constants to the basic Vertical Inducing Loop model 
}las greatly complicated the mathematical representation of the model. In the follow. 
ing subsections approximations which are generally valid for power te.letolllillunication 
interference studies are used to simplify this model. 

4.8.2.2 Near F ield Approximation 

If it is assumed that 6 A> Yc and 6> y, (4.25) for the near field region reduces to 

(4.25 ) 

Which is the basic VTL result scaled by J indicating that the reactive component of 
the mutual illlpedance dominates in the near field region. This result is in agreement 
with that obtained for the single conductor transmission line in Section 4.5. 

4.8.2.3 Far F ie ld Approximation 

Equat ion (4.26) is the phase corrected far field approximation to the mutual hu· 
pedance. It was derived from (4 .25) by calcUlating the limit of this equation as the 
separation tends to infinity. 

WI'. '(Yo + y + 0) + J[2y,y + '(Yo + y)1 
211" (x xc):.! 
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p, 
(4.26) 

Which agrees with the observed result for the single conductor transmission line. 

4.8 .2 .4 Accura cy 

Graphs of the percentage relative error between the Phase Corrected Vertical in
ducing Loop model (4.2.5)1 and the Exact model are presented in Figure 4.28. Peak 
relative errors are tabulated in Table 4.6. 

Comparison of Figure 4.28 with Figure 4.27 re.veals that the error in both the real 
and reactive components of the mutual impedance in the immediate vicinity of the 
line has been reduced through the addition of the near field phase correction. The 
improvement gained is slight however as the assumption of constant phase within the 
near field region is not well based. The author therefore recommends that when accurate 
values of the mutual impedance for separat ions of between 0.5 and 4 times the skin 
depth hare required 1 either the Carson integral or Carson series Quasi-TEM models 
should be used. 

The far field impedance values calculated using tne Phase Corrected Vertical In
ducing Loop model are very accurate however 1 enabling precise predictions of the far 
field LEF to be obtained fo r all transmission line geometries and sequences of current 
flow. 

Frequency Earth R.esistivity Extreme €r Extreme €:o; Extreme €m 
(Hz) (l1.m) (%) (%) (%) 

1)0 20 58 .. \63 61.867 24 .281 
50 200 61.469 64.221 24.732 
50 2000 65.913 62.491 24.903 

500 20 47.244 61.740 23.189 
500 200 58.569 61.801 24.300 
500 2000 61.519 64.174 24.865 

5000· 20 28.256 55.041 22.187 
!)OOO 200 47.299 61.701 23.325 
5000 2000 58.962 61.465 25.391 

Table 4.6. Extreme Relative Percentage Errors for the Phase Corrected. Vertical Inducing Loop t-.1odel 

4.9 Conclusions 

In the author's opinion the magnitude of the Longitudinal Electric Field (LEF) 
induced hy high voltage transmission lines should be used to quantify their inductive 
influence. 

Magnetic c.oupling between a high voltage transmission line and a buried telecom
munications cable !lIay be estimated from the LEF at the site of the cable, but in the 
absence of the cable, provided that the currents induced within the cable are small. 

The LEF induced within the earth varies only slightly with cable depth, and is a 
llIaximullI in the direction parallel to the axis of the transmission line. 

Carson's integral equation and infinite series implementations used during this 
project yield results which are within 17 % of the LEF determined llsing the Exact 
model over the range of conditions typically encountered in New Zealand. Acha's curve 
fitting model yields accurate results over the range of conditions for which it is de
fined, however it introduces ripple into the mutual impedance calculations which may 
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Fig ure 4.28. Percentage error between the Phase Corrected Vertical Inducing Loop and Exact 

Models for Induction from a Single Conductor Transmission Line. The upper graph is the rea! error 
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generate erroneous results for balanced sequence current flows in multiconductor lines. 
Significant errors may also result from the use of the complex penetration model for 
this applicat ion at separations of between 0.5 and 4 times the skin dept~ of the earth. 

All existing Quasi-TEM models fOf the LEF at the site of a buried cable become 
inaccurate itt large separations when the frequency and earth resistivity are high as the 
Quasi-TEM propagation is no longer strictly valid. 

Single conductor earth return transmission lines exhibit significantly different induc
tive influence dependencies in the immediate vicinity of the line to those at moderate 
and large distances) and are accordingly classified as either Near Field or Far Field 
phenomena. In the near field region the inductive influence is linearly proportional to 
conductor current and frequency, highly sensitive to conductor geometry but substan
tially independent of earth resistivity. The induct ive influence in the far field region is 
linearly proportional to conductor current and earth resistivity, and relatively insensi
tive to frequency and conductor geometry. 

Transmission lines induce circulating currents within the earth both in phase and 
ninety degrees out of phase with the conductor current. The greatest induced current 
density occurs in the earth immediately below the transmission line. 

The earth current 'distribution may be approximated by a number of filamentary 
currents when the Quas i-TEM propagation requirements are satisfied . It is necessary 
to use more than 5 filaments to accurately represent the magnetic field induced by 
earth return current flows for mutual impedance calculations. 

A two filament model, known as the Vertic.al Inducing Loop model, has been de
veloped which estimates the magnitude of the mutual impedance between a single 
conductor transmission line and a buried telecommunications cabte to within 26 % of 
that obtained using the Exact model. The model has a simple mathematical form and 
geometric interpretation which enables the inductive influence of multiconductor lines 
to be estimated without recourse to numerical evaluation. A derivative of this model 
provides estimates of the real and reactive components of the mutual impedance in the 
ncar and far field regions. 



CHAPT ER 5 

IN D UCTIVE IN FLUENCE OF M ULTIC ON D UCT OR 
TRANSMISSION LINES 

5.1 Int r o duction 

123 

The principal component of the transverse harmonic noise voltage in a telecom
Illunications cable is generally that due to the conversion of the longitudinal voltage 
induced by transmission lines into a transverse voltage by an imbalance in the circuit 
(Section 2.5.1). To minimise interference to telecommunication services it is necessary 
to ensure that the circuit is weU balanced and to limit the longitudinal electric field 
(LEF) at the site of the cable. 

Historically, it has been t hought that the residual curren ts in high voltage t rans
miss ion lines are the principal cause of the induced longitudinal voltages (Ball and 
Poarch, 1961). Recent papers have inferred that balanced currents can induce volt
ages which are comparable in magnitude, if not greater than those due to residual 
currents (Kuussaari and Pesonen, 1976; Dabkowski, 1978; Sharaf, 1982). This may be 
all the more so when considering currents in the harmonic frequency range as power 
system impedances, and hence current resonances, may be clifferent for balanced and 
zero seq uences (Densem et al., 1984). 

The purpose of this chapter is to convey an understanding of the factors effec.ting 
the inductive influence of multiconductor transmission lines, and ways in which it may 
be reduced. This is achieved through discussion of the results of numerical ex periments 
on a variety of AC transmission lines (a study on the inductive influence of a HVDe 
line is reported in Chapters 8 and 9) . Numerical investigations were performe(] as it 
was not possible to control the env ironment to a sufficiently high degree to enable valid 
comparisons to be made betwee.n different transmission lines on the basis of measured 
results. 

T he chapter opens in Secbion 5.2 with a review of the Vertical Inducing Loop 
model concepts (Chapter 4) . These concepts are used throughout this chapter to ex
plain the observed phenomena. Rigorolls mathematical proofs of the observed effects 
are omitted from this chapter. All observed effects have been confirmed analytically 
using the Complex Penetration and Vertical Inducing Loop models however . Detailed 
mathematical descriptions of the phenomena based upon the Vertical Inducing Loop 
model are contained in Chapter 7. 

Sect ion 5.3 contains details of the numerical simulation used to determine and 
compare the inductive influence of the multiconductor lines reported in this chapter. 

A variety of transmission line geometries have been studied to gain an understanding 
of the factors effecting the inductive influence of multiconductor transmission lines. The 
inductive influence of a horizontal transmission line i:;; reported in Section 5.4, a vertical 
line in Section 5.5 and a double circuit vert ical transmission li ne in Section 5.6. 

The dependencies of these lines are summarised in Section 5.7. 
Methods for reducing the inductive influence of multicond uctor transmission lines 
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are discussed in Section ,5.8. 

5 .2 R eview of Vertical Inducing Loop Concepts 

A single conductor earth return transmission line may he app roximated by a pair of 
filamentary currents located in air Sections 4.8 and 4.8.2. The upper filament represents 
th~ transmission line conductor and thereJore is located at (xc, y,;) and carries current 
Ie. The lower filament represents the earth return current and is constrained to lie 
in the plane x :::::: Xc and to carry -Ie, resulting in the generation of a. destructive 
interference pattern . 

The magnitude of the mutual impedance between these filaments and a parallel 
conductor is given by (4.11), repeated below. 

Where 

rr(O) = radial separation from line conductor filament (Ill) 
rf(l) = radial separation from earth return filament (10) 

(5.1) 

Thus the mutual impedance is. proportional to the natural logarithm of the ratio of 
the radial separations, which can be determined from simple geometric concepts. 

The depth of the return filament, Yf( 1), may be approximated by (4.15) given below. 

(5.2) 

A t large distances from this pair of filaments the magnitude of the lllutUal impedance 
llIay he approximated by (4.19) 

IZ 1
_ w~, (Yo - y,(l))' 

III ,...., ( )' 41!" X - Xc 
(5.3) 

Whkh states that at large distances the mutual impedance is approximately pro
portional to the square of the vertical distance between the filaments, and decays as 
the reciprocal of the square of the separation . 

The Vertical llldudng Loop model may be extended to multiconductor transmission 
lines by applying the concept of superposition. An equivalent return path filament is 
introduced for each line conductor filame.nt at a depth proportional to the height of the 
conductor above the ground (4 .15). The resultant LEF is given by minus one times the 
sum over all conductors of the conductor current multiplied by the mutual impedance 
detennined IIsing (4.11). 

5 .3 Simulation Approach 

The interfering ability of multiconductor lines was assessed by calculating t he mag
[litude of the longitudinal electric field at the site of the cable, parallel to the transmis
sion line. at a depth 0.5 metres below the surface of the earth for one ampere-per-phase 
of positive, zero and negative Sl?quence current in the t ransmission line. 

As the currents within the conductors are specified and the media are assumed 
to be linear, the resultant LEF is the supe.rposition of the products of the current in 
each conductor and the mutual impedance to the cable. An adaptive implementation of 
Carson's infinitl? series equations using double precision arithmetic was used to calculate 
the mutual impedances (Sect ion 3.5.2). Double prec.ision arithmetic waS necessa.ry to 
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reduce errors due to loss of significance when calculating balanced sequence longitudinal 
electric fiel ds. 

Magnitude ratios, defined as 

I 
Perturbed LEF I 

Unperturbed LEF 
(5.4 ) 

were calculated to as a funct ion of separation and the perturbed variable to determine 
the relations hips between the LEF and conductor geometry, frequency and earth resis
tivity over the range of values listed in Sect ion 4.3. The base or unpe rturbed condition 
for these studies was defined to be the LEF induced by the unmodified transmission 
line at a frequency of 600 Hz and earth resist ivity of 200 n.m. A base frequency of 600 
Hz was chosen, despite the fact that it is unlikely that significant levels of this even 
harmonic will exist within a high voltage AC transmission system, as it is the average 
of the two characteristic harmonic frequencies of 550 an <1 650 Hz generated by the 12 
pulse convertors used on the New Zealand HVDe link. 

Sequence ratios, defined as 

I 
Balanced sequence LEF I 

Zero sequence LEF 
(5.5 ) 

were evaluated to compare the relative interfering effects of balanced and residual cur
rents. 

5.4 Horizontal Line Configuration 

T he first line type studied was the lnvercargill to Roxburgh 220 kV circuit in the 
New Zealand South Island system. The structure of this line is given in Figure 5.1. 

Typ ical variations of the longitudinal electric field magnitudes are given in Fignre 
6.2. As the separation of the cable from the line increases the field strength at the site 
of the cable generally decreases, apart from a local minimum with balanced sequence 
currents immediately below the line. This is caused by cancellation of the direct fields 
from each conductor filament, as the cable is approximately equidistant from the line 
co nductors at this position. 

The sequence ratios, given ill Figure 5.3, also generaUy decrease with separation. A 
local minimulll occurs immediately below t he line . The maxltuum ratios occur within 
the first 100 metres on each side of the transmission line. 

5.4.1 Effect of Eart h Resistivity 

The magnitude of the longitudinal electric field in the immediate vicinity of the 
transmission line is not significantly affected by an increase in earth resistivity hecause 
the dominant component of the induced LEF is that due to the direct field from the 
line conductors. At large separations the magnitude of the fields increases significantly 
however. Here the field from the current flowing in the earth is comparable in magnitu<le 
to that from the line conductors, however t he fields interfere destructively. As the earth 
resistivity is increased t he depth of the return path increases , reducing the magnitude 
of the earth return field, and increasing the magnitude of the resultant field. 

The magnitude ratios whiCh compare the results of Figure 5.3 with those due to a 
change a doubling of the earth resist ivity to 400 n.m are shown, in FigHl'e 5.4. Only at 
laTge separations have the ratios increased by a factor of two. 
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A Phase B Phase C Phase 

• • • 
6.4 7 III 6.47 m 

·1 

12.5 III 

Line data 

Name 

Nominal volta.ge 
Coordinates of A phase conductor: 
Coord ina.tes of B phase conductor: 
Coordinates of C phase conductor: 
Conductor Type 

Invercargill - Roxburgh Circuit 1 (excluding 
earth wires) 
220 kV 
(-6.47 IU, 12.5 Ill) 
( 0.00 Ill, 12.5 Ill) 
( 6.47 IU, 12.5 Ill) 
Zebra 

F igure 5.1. Horizontal Tra.nsmission Line Geomet ry 
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Figure 5.2, Magnitude of the I.EF induced by the Posit ive (dotted line), Zero (solid line) and 

Negative (dashed line) Sequence Current Flows in the Horizontal Line Configu ration for an Ea.rLh 

Resistivity of 200 n.m and Frequency of 600 Hz as a Function of Separation 
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Figu re 5.3. Positive/Zero (dotted line) and Negative/Zero (dashed line) LEF Sequence Ratios 

induced by the Horizontal Line Configurat ion for an Ea.rth Resistivity of 200 n.m and Freq uency of 

600 Hz as a Fu nction of Sepa.ra.tion 
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Figure 5.4. Ratio of Perturbed/Unperturbed LEF {rom Horizontal Line as a fun ction of Separation 

when the Res is~ivity of the Earth is Doubled. (Positive sequence - dotted line, Zero sequence - solid 

line, Negative sequence - dashed line) 

5.4.2 Effect of Ftequency 

The frequency of the line current influences the time rate of change of the magnetic 
flux in the vicinity of the cable, and the depth of penetration of the return Ctlrrent 
in the eart h . The former im plies that when the frequency is increased the magnitude 
of the mutual impE"dance will increase. This increase is approximately proportional 
to the ratio of frequencies , and is independent of separation. However , the depth 
of penet ration decreases, t hus redu cing the depth of return. Hence the direct and 
earth return fields will cancel more effectively, and the resultant mutual impedance is 
reduced by a. factor of approximately the inversE'. of t he ratio of frequencies at large 
separations where the magnitude of the direct and earth return fields is similar. The 
t wo effects, when c,ombined, imply t hat the mutual impedance is frequency dependant 
in the immediate vicinity of the line, bu t is relat ively frequency independent at large 
separations. 

Also the net LEF' due to ba.lanced current flow is principaUy due to the inter+ 
con<luctor and inter-return-path spacings, as the individua.l conductor fields combine 
destruc.t ively, while that due to zero sequence current flow will increase less ra.pidly 
wit h frequency than that due to balanced sequence currents, as when the frequency of 
t he li ne cu rrents is increased , the depth of return reduces. T hese effects a.re shown in 
Figure 5.5. 

5.4.3 Effect of Conductor Spacing 

When the horizontal spacing of the Un~ conductors are increased by 10 % the magni
til de of induced voltage due to zero sequence currents remai ns relatively unaffected while 
the level of the longitudinal electric. field due to balanced sequence currents increases 
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Figure 5.5. Ra.tio of Perturbed/Unperturbed LEF from Horizontal Line as a function of Separation 

when the Frequency is Doubled. (Positive sequence - dotted line, Zero sequence - solid line, Negative 

sequence - dashed line) 

by approximately 10 %. This observation is shown in Figure 5.6 through magnitude 
ratios. 

Increasing the height of the line conductors by 10 % would be expected to increase 
the level of induct ion due to all sequence currents at large separations. In practice this 
is insignificant as the height of the conductors above the earth is very sma.ll in relation 
to the efrective depth of the return paths. A significant decrease of the induced LEF 
due to all sequence currents occurs when the cable is underneath the line conductors. 
This occurs because the 10 % increase in height of the. inducing conductors is a very 
signifi cant proport ion of t he total distance between the line conductors and cable. 

5.4.4 Discussion 

The most signifi cant inducing current in the horizontal line configuration is the zero 
seqllellce current. The maximum sequence ratio of 11.7 % occurred for the frequency of 
5000 Hz, and at an earth resistivity of 20 n.m, which were the maximum and minimum 
considered respectively. The depth of the return paths would thus be minimised, and 
hence the induced LEF due to zero sequence currents would be a minimum. 

T he longitudinal electric field induced by balanced sequence currents has a maxi
mum influence on t he cable ( relative to the LEF due to zero sequence currents) when 
the cable is positioned approximately one hundred metres away from the transmission 
line. As the separation is increased the zero sequence LEF becomes more significant. 
In general fo r the cases studied, the sequence ratios were of the order of 1 - 2 % at a 
separation of 500 metres. These cases were for equal magnitude sequence Cllrrents in 
the transmission line. In practice the sequence currents will seldom he equal, however 
it is apparent that the positive or negative sequence currents will need to he of the 
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Figure 5.6, Ralio of Perturbed/Unperturbed LEF from Horizontal Line as a function of Separa

tion when the Inter-cond uctor Spacings are Increased by 10% (Positive sequence - doued line, Zero 

sequence - solid line, Negative sequence - dashed line) 

order of to - 100 times greater than the zero sequence currents to produce comparable 
levels of interfe rence for s{'.parations in the range of 0 - 1000 III from the transmission 
line. 

5.5 Vertical Line Configuration 

A vertical transmission circuit is shown in Figure 5.7. While this conductor ar
rangement is not used in practice, it is presented here to illustrate the performance of 
a purely vert ical circuit. The vertical spacings of the conductors are identical to those 
of the InvercargiU to Manapouri 220 kV line in the New Zealand South Island System. 
The vari ation of the longitudinal elect ric field magnitudes as a function of separation 
are shown ill Figure 5.S for the selected frequency of 600 Hz and earth resistivity of 200 
n.m as used for the horizontal circuit. 

As the separation increases, the magni tude of the induced LEF due to zero sequence 
current flow reduces from it's maximum value immediately below the transmission line 
which oc.cu rs here as the cable is closest to the line conductors. With balanced sequence 
cur rent flow there is a minimum wi thin several hundred metres of the line. This is 
caused by cancellat ion of the individual fields from the line conductors and their return 
paths. The location of the local minhuum is frequency and earth res istivity dependant. 

The sequence ratios shown in Figure 5.9 are a maximum immediately below the 
transmission line and reduce to a minimum at a separation the same as that shown in 
F'igme 5.8. The ratio then increases asy mptotically to a constant value. This effect 
can be predicted using the complex penetration formula (Gary, 1976) and the Vertical 
lnd ucing Loop model (Chapter 7). 
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23.5 m 18.0 III 

Line data 

Name 
Nominal voltage 
Coordinates of A phase conductor: 
Coordinates of B phase conductor: 
Coordinates of C phase conductor: 
Conductor T ype 

A Phase 

• 

8 Phase 

• 

C Phase 

• 

12.5 III 

Standard Vertical Test Circuit 
220 kV 
( 0.00 m, 23.5 Ill) 
( 0.00 Ill, lS.0 Ill) 
( 0.00 til , 12.5 til) 
Zebra 

Figure 5.7. Sta.nda.rd Vertical Test Circuit Line Geometry 

J.11 
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Figure 5.8. Magnitude of the LEF induced by ~he Positive (dotted line), Zero (solid line) iUld Nega

tive (dashed line) Sequence Current flows in t he Vertical Line Configuration fo r an Earth Resistivity 

of 200 n.m and F'reqllency of 600 Hz as a F'u llction of Separation 

equation (5.:1) states t hat the far field induced by a vertical loop of circulating 
CllI'rent is proportional to conductor cur rent, the square of the vertical distance between 
the filaments ilfid dec,ays as the Te.ciprocai of the separation sq uared. In t he case of zero 
sequenct> current flow the fields fro m each loo p formed by the co nductors and their 
return paths add construct ively and hence the far field will decay as {X ~cF' Far fields 
induced by balanced sequence current flow cancel one another. if the line conductors lie 
in the sallie plane then the inducing loops will be the same size and ext reme cancellation 
will occur. The (ar field is not zero in this case, but simply decays at a rate greater 
than (X-~cP (Chapter 7). If the line conductors lie in different horizontal planes then 

extreme cancellation will not occur (unless multiple conductors are used per phase such 
that the average conductor height per phase is the same) , and the field will decay at 
the rate of (X ~c)2' Therefore when the phase conductors lie in the same horizontal 
plane the ra.tio of balanced to zero sequence LEF will decrease with separation. When 
when they lie in different ho rizontal planes the sequence ratios will tend to a constant 
with increasing se paration. 

The constant ratio is between 0.14 - 8.5 % for the range of fTequencies and earth 
r~sistivities c.onsidered. Balanced current flow in any transmission line in which the 
conductors are in different horizontal planes will contribute a constant proport ion of 
th e' total LEF magnitude at moderate separations, regardless of the actual separation. 

5. 5.1 Effect of E arth R esistivity 

As the earth resistivity is increased there is a larger increase of the level of zero 
s('quell ce induction when compared with t hat due to balanced current flow as shown in 
Figure 5.10. The separation at which the asymptotic rat io is reached and the separation 
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Figure 5.9. Positive/Zero (dotted line) and Negative/Zero (dashed line) LEF Sequence Ratios 

inducoed by the Vertical Line Configuration for an Earth Resistivity of 200 n.m and Frequency of 600 

Hz as a Function of Separation 

at which the minimum sequence ratio occurs, are also increased. 

5.5.2 Effect of Frequency 

Tbe increase in the ma.gnitude of the induced longitudinal electric field due to 
ba.lanced sequence currents as the frequency is increased is significan tly greater than 
that for zero sequence currents. The amount by which the magnitude of the LEF' 
increases is dependant on the separation, generally reducing with incre.asing separation 
to a constant value. Differences are also observed between the induced voltages due 
to positive and negative sequence currents, particularly when the depth of return is 
shallow. 

These trends are reflected in the magnitude ratios, shown in Figure 5.1 L The 
separation at which the minimum sequence ratio occurs, and the separation at which 
the ratio reaches 98% of its asymptotic value decrease as the frequency is increased. 

5.5.3 Effect of Conductor Spacings 

The vertical spacings of the conductors were varied so that the mean conductor 
height above the ground was kept constant. The magnitude of the induced LEF due to 
zero sequence current flow in the transmission line remains largely unaffected by varia
tions in conductor spacing. There are some slight differell(~es in the immediate vidn.ity 
of the line due to the closer spacing of the lowest inducing c.onductor with regaf(1 to the 
cable. However the magnitude of the inclucecllongitudinal electric field due to balanced 
current flow varies in proportion to the percentage change in spacing of the conductors, 
because inter-conductor spacings are the dominant factor influencing balanced CUlTent 
induction. When the spacing is increased, the differences between the induced fields 
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F igure :'> .12 . Ratio of Pertur bed/Unperturbed LEF from Vertical Line as a function of Separation 

when the !nter-c:onductor Spacings are Doubled (Positive sequence - dotted line, Zero seque llce - solid 

ti lle, Nega.tive sequence - dashed line) 

due to positive or negative sequence currents become more obvious. This is due to the 
strong dependence of the mutual impedances on conductor height. ConseqllCntly the 
variation of the mutual impedances is greater, result ing in an increased sensitivity to 
the sequence of the current flow . 

The resulting magnitude ratios, are shown in Figure 5.12. The separations at which 
the minimum occurs and the ratio reaches 98% of its asy mptotic vallie remain constant . 
However t he asymptotic value changes as the conductor spacings are changed. 

5. 5.4 Asymptotic Line Ratios 

A family of Cllfves of the asymptotic ratio as a function of frequency for a, variety of 
earth resistivities is shown in Figure 5.13. The asymptotic ratio can be seen to increase 
as the frequency increases, while decreasing as the earth resistivity increases. The 
varia.tion of the asymptotic ratio is large, ranging from 0. 14 % to 8.5 % for the range of 
frequencies and earth resistiv ities shown . The ratio is max..imised when the equivalent 
dept h of return is minimised. Asymptotic ratios of the order of 1 % to 4 % are evident 
for the standard vertical test circuit above an earth plalle of 200 n.m earth resistivity. 
The ratio decreases very rapidly as the earth resistivity is increased. For realistic earth 
resis t ivities the ratio is less than 7 %. When the average height of the conductors above 
t he earth is kept constant, the asymptotic rat io is linearly proport ional to t he vertical 
distance between the conductors . 

The separation at which the line ratio reaches 98% of its asymptotic value is ap
proximately linearly proportional to the depth of the earth return current, and hence 
is fre.quency and earth resistivity dependant. Example values are shown in Table 5.1. 
In general the ratio reaches 98% of its asymptotic value within two kilometres of the 
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Figure 5.13. Asymptotic POISi tive/Zero (dotted line) and Negative/Zero (dashed line) LEF Sequence 

Ratios induced by t he Vertical Line Configuration for Earth Resistivit ies of 20, 200 and 200 n. m as 

a Function of Frequency 

Frequency Earth Resist iv ity Separation Skjn Depth 
( H,) (fl .m) (m) (m) 
2500 10 270 58 
1000 10 230 84 

50 10 820 331 
2500 500 820 331 
1000 500 1270 516 

SO 500 5660 2263 

Ta ble 5.1. Gable-line Separations for which the sequence ratio reaches 98% of its asymptotic value 

transmission line for harmonic currents which are likely to cause significant interference 
to communication cables. 

5.5 .5 Double C ircuit Tower wit h One C ircuit Installed 

For a practical, installed line, a single vertical circuit is likely to have its conducto rs 
lying in diffe rent ver tical planes. Such an arrangement is that of the lnvercargill to 
Manapou ri :220 kV transmission line as shown in Figure 5.1 4 with only circuit one 
installed . 

The magn itude of t he indu ced longit udinal electric fie ld due to zero sequence cu rrent 
flow is practically identical to that of the ve rtical transmission line. Those induced by 
balanced currents are diffe rent due to the asymmetry of t he line, but t he average is 
very close to t hat induced by the vertical transmission li ne. 
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23.5 m 

Line data 

Name 

Nominal voltage 
Circuit 1 

C Phase 

• 

B Phase 

• 

A Phase 

• 

18.0 III 

Coordinates of A phase conductor: 
Coordinates of B phase. conductor: 
Coordinates of C phase conductor: 
Circuit 2 
Coordinates of A phase conductor:' 
Coordinates of B phase conductor: 
Coordinates of C phase conductor: 
Conductor Type 

1.37 

A Phase 

• 

B Phase 

• 

C Phase 

12.5 m 

Invercargill - Manapouri Double Circuit 
(excluding earth wires) 
220 kV 

( 4.42 111, 23.5 Ill) 
( 6.33 m, 18.0 Ill) 
( 4.80 Ill, 12.5 Ill) 

(-4.80 m, 12 . .5 Ill) 
(·6.33 Ill, 18.0 m) 
(-4.42 m, 23.5 Ill) 
Zebra 

Figure 6.14. Double Circuit Transmission Line Geometry 
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Figure 5.15 . Magnitude of the LEF' induced by the Positive (dotted tine) , Zero (solid tine) and 

Negative (dashed line) Sequence Current Flows in the Double Circuit Line Configuration fo r an 

Earth Resis tivity of 200 n.m and F'requency of 600 Hz as a F'unction of Separation 

5. 6 Double Circuit Line Configuration 

A douhle circuit line with a conductor arra.ngement known as the centre-point
sYlllllletl'i<' line links lnvercargill and Manapouri. This is shown in Figure 5.14. 

The induced longitudinal electric. field shown in Figure 5.15 due to zero sequence 
current flow in the. transmission line reaches a maximum immediately below each circuit, 
and reduces as the separat ion is increased. Those due to balanced sequence currents 
have a local minimum at the tower centreline, then increase to a global maximUIll 
within a short distance on eit her side of the line. A local minimum occurs at a larger 
separation when the effective depth of return is shallow. For separations greater then 
this, the magnitude_ of the LEF decreases . 

In FigllrE' 5.16 the. sequence ratios are presented. These follow the same fOfm as the 
magnitude graphs for the balanced sequence currents. Of particular interest is that the 
ratio does not tend to a constant non-zero value as the separation tends to infinity. This 
effC'('t is due to the c<~llcellation of the fieJds due to the phase conductor arra.ngement 
on the tower. 

When the earth resistivity is increased the longitudinal electric fields induced by 
positive and negative sequence currents show increased differences in magnitude as 
compared to the vertical or single circui~ line. These effects are shown in Figure 5.1 7. 
Also it is the balanced sequence line ratios, as shown in Figure 5.18, that show sign ificant 
differences from the single circuit case. 
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Figure 5.16. Posit ive/Zero (dotted line) and Negative/Zero (dashed line) LEF Sequence Ratios 

induced by the Double Circuit Line Configuration for an Earth Resistivity of 200 n.m and Freqnency 

of 600 Hz as a Fu nction of Separation 
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Figure 5 .18, Ra.tio of Perturbed/Unperturbed LEF from Double Circuit Line as a function of 

Separation when the Frequency is Doubled. (Posi t ive sequence - dotted line, Zero sequence - solid 

linc, Negative sequence· dashed line) 

Line Type Current Near Field Far Field 
Sequence 

Horizontal Balanced cxw independent 
Horizontal Zero nearly ex w independent 
Vertical Balanced cxw cxjW 
Vertical Zero nearly ex: w independent 

Table 5.2 . Dependency of the LEF on Angular Frequency 

5.7 Summary of the Nea r a nd Far Field Dependencies 
of Multiconductor Transmission Lines 

Tables 5.2 to 5.5 5ullunarise the observed relationships between the inductive in
fluence of multiconducto r transmission lines and frequency, earth resistivity, horizontal 
an d vertical conductor spacings and current sequence. 

In these ta.bles transmission line geometries are classified as being fIo1'izontalor 
Vct'tical depending on whether aU current carrying conductors lie in the same horizontal 
plane or not. All transmission line geometries studied have the field dependencies 
described in the tables except for vertical double circuit transmission lines with centre
point symmetTic phasing when carrying balanced sequence CUTTents equally distributed 
between the two circuits. 

A further distinction in the Tables has been made between Near Field and Far 
Field effects (defined in ChapteT 4 as the LEF dependencies aTe quite different in the 
immediate vicinity of the line to those at moderate to large separations. 
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Line Type Current Near Field Far Field 
Sequence 

Horizon tal Balanced independent C( p, 
Horizontal Zero sught increase C( p, 
Vertical Ba.lanced independent rx.,jii; 
Vert ical Zero slight increase C( p, 

Table 5.3. Dependency of the LEF on Earth Resistivity 

Line Type Current Near Field Far Field 
Sequence 

Horizontal Bala.nced large increase rx % increase 
Horizontal Zero independent indepell<ie.nt 
Vertical Balanced large increase ex % innease 
Vertical Zero independent independent 

Table CiA. Dependency of the LEF on Increased Inter-conducLor Spacings 

5.8 Methods for R educing t he Inductive Influence of 
Mult iconductor Tra nsmission Lines 

The inductive influence of a high voltage transmission line ma.y be reduced by: 

• reducing the magnitude of interfering currents on the line, 

• increasing the separation between power and telecolUlllunication systems 

• rearranging the transmission line conductors , 

• lower ing the effective resistivity of the earth, 

• adding cont inuously grounded earth wires to transmission lines. 

This thesis is not concerned with methods for reducing harmoldc current flows 
within power systems. Nevertheless reductions of inductive influence in direct pro
portion to the change in curren t magnitude will result from reducing the harmonic 
cu rrents. 

Greatest emphasis should be placed upon the removal of high order harmonics 
where interference is occurring to telecommunications systems in close proximity to 
t rans mission lines, as the cOllpling is approxi mately directly proportional to frequency 
in thi s region Table 5.2. 

In the far field region the coupling for bala.nced sequence current in verti cal trans
mission lines is approxima.tely proportional to the ..;w and therefore hjgh order har
monic c.urrents warrant greater attent ion than low order harmonic. currents of the same 

Line .Type Current Near Field Far Field 
Sequence 

Horizontal Balanced large decrease independent 
Horizontal ZeI'O slight decrease independent 
Vertical Balanced large decrease independent 
Vertical Zero slight decrease independent 

Ta ble 5.5. Dependency or the LEF on Increased Average ConducLor HeighL 
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magnitude. The far fields induced by zero sequence current, and balanced currents in 
horizontal lines are substantially independent of frequency however. 

Zero sequence current flow will generally be the dominant component of the far 
field LEF induced by vertical transmission lines, unless the balanced sequence cur rent 
exceeds the zero sequence current flow by an order of magnitude. In t he near field region 
the inductive influence of balanced sequence currents can not be neglected. Detailed 
mathematical models of the induction between the line and telecommunication cable 
must be used in this case as the destructive interference of the individual conductor 
fields can result in rapid field variations with distance from the line. 

Preferred transmission Une geometries and power telephone separations can be de· 
termined by examination of Equation (5.1). The field induced by a pair of filaments is 
proportional to the logarithm of t he ratio of the radial separations from each filament. 
To reduce the inductive influence of t his system it is necessary to make the ratio as 
close as possible to one. This can be achieved by maximising the separation of the 
cable from the transmission line, or moving the filaments closer together . 

The best way to avoid inductive coordination problems is to maximise the separation 
between the power and telecommunication systems. The improvement gained in the far 
field region is expected to be of the order of (x ~cP' Care needs to be exercised when 
locating cables near transmission lines carrying balanced sequence currents as greater 
separation does not always result .in lower LEF in the near field region. 

To reduce zero sequence induction it is necessary to bring the conductor fi laments 
and earth return filaments closer together . This may be achieved by lowering the height 
of the conductors or decreasing the resistivity of the earth. 

The range of possible conductor heights are limited in practice by insulation and 
safety requirements. Furthermore the conductor height is generally low in relation to 
the skin depth of the earth , and therefore the improvement gained is slight. 

It is not practical to create and maintain a region of low earth resistivity below a 
transmission line. Nevertheless consideration should be given to the siting of transmis· 
sion lines to exploit areas of low resistivity where possible. The expected improvement 
in the far field LEF' is proportional to the earth resistivity change fo r both balanced 
and zero sequence curren ts Table 5.3. No significant changes to the near field LEF 
result from reducing the resist ivity. 

The LEF induced by balanced sequence current flow is sensit ive to inter· conductor 
spacings as the field induced by the line filaments interfere with one another. Reduc· 
ing the interconductor spacings reduces the far field induction in proportional to the 
magnitude of the change Table 5.4. Insulation requirements limit the re(luctions that 
can be achieved however. 

The installation of cont inuously grounded earth wires as a means for red ucing the 
inductive influence of transmission lines is addressed in Chapter 6. 

5.9 Conclusion 

The contribution to the total longitudinal electric field induced around a trans· 
mission line due to zero sequence current flow in the line is largely independent of 
the geometrical and electrical arrangement of the conductors. The LEF induced by a 
zero sequt:'nce current flowing in a horizontal transmission line becomes the dominant 
contributor to the total LEF at large separations. However for transmission lines in 
which the conductors lie in different horizontal planes, the proportion of the total field 
contrihuted by the LEF induced by halanced and zero sequence currents is fixed in the 
far field region. Therefore the induced LEF due to zero sequence current flow is not 
necessarily the dominant interfering field at large separations. The only exception to 
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this statement is the case when the geometric and electrical anangement of the condu(
tors on the tower have been chosen so t hat the fields due to balanced currents cancel 
at large separations. This is the case with the centre point symmetric arrangement. 

The most effect ive ways to reduce the inductive influence of a high voltage transmis
sion line ;.re to reduce the magnitude of harmonic curre.nts pTopagating along the line 
(in particular the ze ro sequence cOlllponents), and to maximise the separation between 
power and telecommunication systems. 
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CHAPTER 6 

SHIELDING OF TRANSMISSION LINES 

6.1 Introduction 

The technique of shielding communications cables to rednce inductive interference 
frolll neighbouring transrnission lines is weU established (lOewe, 1958), however the 
instaUation of aerial shielding conductors on high voltage transmission lines to protect 
neighbouring communications circuits is less well known and accepted. 

Effective shielding lls ing aerial conductors imposes strict constraints on the shielding 
conductor parameters. Th is can be demonstrated by considering the situation in Figure 
6.1. 

Shield wire, Zs S 

Z '-0 
m Z --' 

m 

Line conductor, Zs C 

Z o-< 
m 

Cable 

Where 

Z",c-t = Mutual impedance between the line conductor and the telecommunica
t ions cable (n.m- I ) 

Zms- t = Mutual impedance between the shield wire and the telecommunications 
cable (Q.m- ' ) 

Z m$-C = Mutual impedance between the shield wire and the line conductor 
(n.m-1 ) 

Zs 5 = Self impedance of the shield wire (n .m-I) 
Zsc = Self impedance of the line conductor (n.m- I ) 

Figu re 6 .1. Shielding of a Single Condu(:tor Transmission Line 



146 CHAPTER 6. SHI ELDING OF TRANSMISSION LrNES 

Conductor Inside Outside Current D.C. Geomet ric 
Type Radius Radius Capa.city Resistance Mean Radius 

(mIll ) ( lllm) (A) (ll.km -I) (mm) 
7/ 3.18 G EHSS 9.52 4.00000 0.000003 

MINK ACSR 3.66 10.97 60 0.47290 1.49 
ZEBRA ACSR 9.54 28.58 400 0.07009 11.55 

C Il UKAR ACSR 11.10 40.69 875 0.03134 16.34 

T able (L1. Parameter.'!! of the Shielding COnducto15 

111 the absence of the shielding conductor, the longitudinal electric field at the cable 
for a current I in t he tine conductor is 

(6 .1 ) 

With the shielding conductor present and perfectly grounded at t he ends , the in
ducc-<I elect ric field is 

(6.2) 

If the shielding conductor is close to the line conductor , then ZlIIc- t is approxi
mately equal to Z",'-t, and the induced electric field a t the cable becomes (Prevost 
and Andre, 1950); 

(6.3) 

From this equation it is apparent that screening will be optimal when the mutual 
impedance between the line and shielding condu ctors ( ZmS-C) is eq ual to the self 
impedance of the shielding conductor (ZsS). When this condition is satisfied the 
current in the shielding conductor is of the same magnitude as the current in the line 
conductor but 180 degrees out of phase. 

The self impedance of a conductor is dependant on many factors, such as t he con
du cto r size, geometry, material, position, parameters of the earth, and frequency. It 
may also exhibi t a non-linear impedance va.riation with current, if the cond uctor is 
made or ferrous material . The mutual impedances are only dependant on the con
ductor geometry, t he parameters of the earth, and rrequency. Thererore in practice it 
is very diffi cult to match the mutual and self impedances, due to the wide range of 
conditions under which shielding from harmonic currents in transmission lines lllUSt be 
provided. 

The dependence or the shielding effectiveness Oll the parameters listed above implies 
t hat it is difficul t to conduct a general analysis of the affects of shielding conductors 
on the magnetically induced electric field near transmission lines. Thererore the study 
was restricted to the rour types of shielding conductor listed in Table 6.1 , and three 
tra.nsmission line geometries. 

The transmission li nes studied are assumed to be infinitely long and uniform, there
fore the grounding impedance of the shielding wire at each pylon may be neglected. 
For finite or lion-uniform lines the ground connect ions will increase the impedance of 
the shielding circuit reducing it's effectiveness. 
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6.2 Horizontal Transmission Line 

The [nvercargill to Roxburgh 220 kV line in the New Zealand South [sla.nd system 
wa.., used for tidE study. The arrangement of the conductors on this linE' is !1,'iven in 
Figure 6.2. 

6.2.1 Performance with Convent ionally Placed GEHSS Shield Wires 

The magnitude of the induced electric field from this transmission line varies in a 
similar manner with separation, to the induced electric field from the transmission line 
in the absence of shield wires. 

Line ratio graphs are presented in Figure 6.3 which shows the ratio of the electric 
field induced by the line with shield wires to that induced by the line without shield 
wires. There is a slight reduction ill the magnitude of the field due to zero sequence 
Cllrrent flow in the transmission line over the range of separations studied. However the 
induced fields due to balanced currents are generaily larger with shield wires, except in 
the immediate vicinity of the line. These increase linearly at large separations. There is 
also a. significant difference between the line ratios due to positive and negative sequence 
currents in this region. This difference tends to a constant value as the separation is 
increased. 

Although the magnitude of the constant asymptotic line ratio for zero sequence 
current flow and the slope of the line ratio graphs for the balanced sequence cur rents 
are frequency and earth resistivity dependant, separately changing the earth resistivity 
and the (requency by factors of 2 yields results very similar to those depicted in Figure 
6.3. 

The line ratio graphs suggest that at large separations balanced sequence currents 
may induce larger electric fields than zero sequence currents of the same magnit\1Cle. In 
Figure 6.4 the sequence ratios, which are the ratio of the field induced hy a positive or 
negative sequence current to that induced by a zero sequence current, aI'''! presented. 
These ratios decay asymptotically to a constant value as the separation tends to infinity. 
The magnitude of this constant ratio is less than 0.6% for frequencies between 50 and 
2500 Hz, and earth resistivities between 10 and 1000 n.m. Thus the balance(l sequence 
currents will need to be 160 times greater than the zero sequence current in the lille 
with shield wires to induce ('.Qmparab!e fields at large separations. 

6.2.2 Influence of Conductor Self Impedance 

In Table 6.2 the mutual and self impedances for the phase conductors and the 
GEHSS shield wires in the transmission line are presented. 

It is apparent that at 50 Hz the shielding may be im proved by reducing the resistive 
component of the self impedance of the shield wires. At 2500 Hz the magnitude of the 
impedance of the shield wire is too large, although the angle is acceptable. The self 
im pedance of the phase conductors at these frequencies is much lower than that of 
the shielding conductors, and at 50 Hz 'the impedance angle is grea.ter than that of 
the shielding c.onductors. Thus replacing the GEHSS shield wires with low impedance 
ACSR conductors would be expected to improve the shielding of the line. 

The line ratio graph for the horizontal transmission line with "M INK" ACSR shield 
wires is similar to Figure 6.3. However the zero sequence induction is reduced further , 
and t he. slope of the line ratio due to balanced sequence current flow is increased. These 
effects are due to larger shield wire currents. The consta.nt sequence ratio is less than 
1.6% for frequencies between 50 and 2500 Hz, and earth resistivities from to to 1000 
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Shield wire 1 Shield wire 2 

• • 

• • • 

A Phase B Phase C Phase 

6.47 m 

18.41 tIl 

Line data 

Name 
Nominal voltage 
Coordinates of A phase conductor: 
Coordinates of B phase conductor: 
Coordinates of C phase conductor: 
Coordinates of Shield Wire 1 
Coordinates of Shield Wire 2 
Phase Conductor Type 
Shield Wire Type 

Figure 6,2. lnvercargill-RoKburgh 220 kV Line 

6.47 III 

12.50 III 

Invercargill - Roxburgh Circuit 1 
220 kV 
(-6.47 m, 12.50 m) 
( 0.00 tn, 12.50 tIl ) 
( 6.47 m, 12.50 Ill) 
(-4.61 11l, 18.41 m) 
( 4.61 m, 18.41 m) 
Zebra 
GEHSS 
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Name 50Hzlmpedance 2500Hzlmpedance 
(fI.km- l ) (fI.km- l ) 

Ph ase Cond\lctor Self Impedance 0.72 L RI lag 29.9 L 86 lag 
A Phase to Shield Wire One 
C Phase to Shield wire Two 0.32 L 81 lag 10.4 L 79 leg 
B Phase to Shield Wire Oue 
B Phase lo Shield Wire Two 0.32 L 81 lag 9.8 L 78 lag 
C Phase to Shield Wire One 
A Phase to Shield Wire Two 0.28 L 80 lag 8.2 L 76 lag 
Shield Wire Self Impedance 4.38 L 22 lag 77.9 L 86 lag 

Tab le 0.2 . Self and mutual impedances of the conductors in the Transmission line. 100 n.m earth 

re~istivity 

Shipld Conductor Halanced Seq\lence Zero Sequence 
Type Line Current' (%) Line Current (%) 

GEIISS 0.33 15 1 
MINK 1.30 230 

ZEBRA 0.55 54 
CIIU!(AR 0.28 25 

Tnble 6.3. Total Shield Wire Losses e~pressed as a Perccnta~e of the Total Phase Conductor losses 

ill 50 Hund 100 n.m 

n.m. Th\IS the halanced sequence currents will n~d to be 60 times grea.ter than the 
zero sequence currents to induce compa.rable electric fields at large sepa.rations. 

A comparison of the reduction factors for zero sequence induction from the line with 
tlH' four types of shieJd conductor as listed in Table 6.1, relative to the line without shield 
wires, is given ill Figure 6.5. The reduction factors are relat ively constant for the range 
of harmonic frequencies most likely to canse interfe rence to communications circuits 
and for the range of earth resistivities most likely to occur in pra.ctice, It is possible to 
rf'dut:e the electric field to 40% of the value induced by the line in the absence of shield 
wires by installing large ACSR conductors, This is a significant advantage in regions 
where large steady state 50 Hz voltages are induced into neighbouring conductors. 
Using GEHSS shield wires this figure is 70 % to 80 % due to the high resistance of 
these con(luctors. However of the four conductor types considered in Figure 6.5, only 
thp C EHSS and the" MINK" ACS R conductors are likely to be used in practice, as the 
cost of IIsing large ACSR cOllductors could be prohibitive. 

6.2.3 Shield Wire L osses 

A common criticism of shield wires is that they introduce additionaJ losses into the 
transmission network (Hedman, 1968) due to current flow in the shielding conductors. 
The total sh ield wire losses, expressed as a pt'rce-ntage of the total phase conductor 
losses ar€' listed in Table 6.:3 for balanced and zero sequence phase currents. 

For a line of 100 km in length, carrying a 50 Hz balanced sequence current of 400 
Amperes pe r phase conductor, the total shield wire losses when GEHSS shield wires 
,~re use(1 would be [1.4 kW, which is 0,007% of the power injected, If "M INK" ACS R 
shield wires are used then the total shield wire losses would be 48 kW, which is 0.0:3% 
of the power injected. For "ZEBRA" and "CHUKAR" ACSR shielding conductors the 
figures are :ll kW, 0.02 % and 24 kw, 0.016 % respectively, The losses are greater when 
ACSR shield wires are used despite their lower resistance. This is due 'to the larger 
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Figure 6.5. Reduction of Zero sequence induced voltage for horiwntal line with 2 shield wires 

currents flowing in the shield wires. 
If the power is transmitted using a zero sequence mode the shield wire losses are. 

considerab ly greater ( Table 6.3 ). However the losses in the GEHSS shield wires are 
greater than the corresponding losses in the "ZEBRA" or "C HUKAR" ACSR shield 
win's. 

In practice the line wonld carry a mixture of sequence currents atHI would rarely 
be operated at full capacity. The percentage losses then provide a realistic indication 
of the relative magnitude of the shield wire losses. These are significan t, particularly 
when the line carries a zero sequence current. However they are small for this line in 
relation to the phase conductor losses and therefore it is unreasonable to reject the USe 

of shield wires on this transmission line due to the increased losses which would result. 

6.2.4 Relocation of the Shielding Conductors 

To optimise the shielding of the transmissiollline, the self impedance of the shielding 
conductor Illust equal the mutua.l impedance between the line and shielding conductor. 
For t he geometrical arrangement of the. conductors shown in Figure 6.2, and GEHSS 
shielding conductors, the self impedance of the sh ielding conductor is greater than the 
mutual impedance between the line and shielding conductors ( 'Table 6.2). By using an 
ACS R shielding conductor with a lower self impedance, improvements were achievc(l, 
however the self impedance of the ACSR shield conductors is still signific.antly greater 
than the mutual impedances between the phase and shielding conductors. 

Consequently the behaviour of the line with repositioned shielding conducto rs was 
examined. This changes the mutual impedances between the line and shield conductors 
and the size of the current loop formed by the shield wires and their earth return paths. 
The lllutual impedance variation is the llIost significant effect as the depth of return is 
very much greater than the conductor height , and t herefore the size of the shield wire 
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current loop is not significantly changed. 
The currents in the shield wires differ when balanced sequence currents flow in the 

transmission line due to the phase difference of the currents in the line conductors. The 
currents flowing in the shield wires may be divided in to the two components; a "loop)) 
current which flows down one conductor and returns via the other ( a balanced sequence 
current ); ilnd a COlllmon current which is of the same magnitude in both conductors ( a 
zero sequence current ). The loop current only flows when balanced sequence currents 
flow in the line conductors due to the symmetry of the transmission line. The loop 
C\ll'rcnt reduces the magnitude of the induced electric field due to bala,nced sequence 
current flow, however it increases the shield wire losses and is generally considered to 
be undesirable. The loop currents may be reduced by insulating and transposing the 
shield wires ( Hedman, 1968). The zero sequence shield wire current flow acts to reduce 
the induction due to zero sequence current flow in the line conductors. However when 
the ze ro sequence shield wire current is induced by a ba.lanced sequence Jjne cnrrent, 
it will significantly increase the inductive influence of the line at large separations ( 
Figure 6.:3 ). 

For balanced sequence current flow in the line conductors, the loop and common 
currents in the shield wires are; 

Is- loop = 

[s-o;ollunon 

where 

(z s i-o;s _ Z SI-CC)( I <l _Ie) 
"Ill LII 0; 0; 

Z 5-51 + Z 51 51 
s III 

(2Z sl-cb _ Z sl-o;s _ Z Sl-Co;) f b 
lU III III 0; 

2(Z/- S! _ ZmSI - 5 'l) 

(6.4 ) 

(6.5) 

[S-o;OllUIIOU = Common mode cmrent in the shield wires (A) 

Is-loop 

Z sl - c.s 
JIll 

Z sl-cb 
"'Ill 

Z sl-o;o; 
m 

I~' 

I~ 
IS 
Z .-.1 , 
Z ~1-s1 

m 

= Loop or balanced mode current flowing in the shield wires (A) 
== Mutual impedance between shield wire one and the A phase conductor 

(f!.m- I ) 

= Mutual impedance between shield wire one and the 8 phase conductor 
(f!.m- I ) 

-::: Mutual impedance between shield wire one and the C phase conductor 
(f!.m- I ) 

= A phase cur rent (A) 
== B phase current (A) 
= C phase current (A) 
= Self impedance of shield wire one (O .m- I

) 

= Mutual impedance between shield wires one and two (fLm-l) 

When zero sequence currents flow in the transmission line the loop current is zero 
and the common current is given by : 

I S-';'OtllltlOll == 
2(/" + Ib + f ')(Z ~l-o;a + 2Z sl-o;h + z sl-o;o;) 0; 0; 0; III III III (6 .6) 

Z .·I Z sl-S'l 
8 III 

For optimal shielding with a balance sequence ctlnent flowing in the transmission 
line, the. common current must be minimised. This can be achieved by minimising 

Z sl-o;s_2Z sl-o;b+z 81-0;0; 
III Jill 11\ 
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The loop cllfrent acts to reduce the induction due to balanced sequence current flow. 
However for the horizontal transmission line with two shield wires, the loop current has 
little practical value, as the common ctll'rent induced in the line by balanced sequence 
phase currents has a far larger detrimental effect. Therefore the loop current only 
increases transmission line losses in practice. It may also be minimised hy making Z3 
equaJ to Z 1. Combining these requirements, the most desirable situation wOllld be when 
Z 1 = Z2 = Z:3. This cannot be achieved as the phase cond11ctors lie in a horizontal 
plane above the earth . 

Zero sequence induction from the transmission line is minimised when the shield 
wire common current is 

This implies that for minimum induction 

Z sl-ca+z sl-cb+Z sl-cc 3 
1lI III 1\1 

Z S- 5\ + Z ~ l 5"1 2 
s "'Ill 

From Table 6.2 it can be seen that the self impedance is greater than any of the 
lllutllal impedances between a line conductor and a shielding conductor. Therefore 
the shielding may be improved by increasing the mutual impedances, which can be 
achieved by reducing the line conductor to shield wire spacings. A study was thus made 
of the horizontal transmission line with two low impedance "M INK" ACSR shielding 
conductors in the plane of the phase conductors. 

The magnitude of the induced electric field for the line with repositioned low im
pedance shield wires, with respect to that of the field from the line in the absence of 
shield wires, is similar to Figure 6.3. However there are three significant differences 
between the line ratio graph for this line, and the line with conventionally placed low 
impedance "MINK" shield ing conductors. 

1. The zero sequence induction is 1% to 7% smaller. 

2. The slope of the balanced sequence line ratio graph is reduced by a factor of about 
ten. 

:J. The difference between the induced electric fiel ds due to positive a.nd negative 
sequence current flow, are increased when the depth of return is low. 

The repositioned shield wires are not in an optimal position as the Sllill of the self 
impedance of the shield wire and the mutual impedances between the shield wires is 
::;till significan tly greater than two thirds of the sum of the mutual impedances between 
the line conductors and the shield wires. Ideal shielding of this transmission line is 
impossible as the line conductors lie in t he same horizontal pla.ne, and therefore the 
mutual impedances cannot be made exactly equal. Also, the lllutual impedances are 
frequency and earth resistivity dependant. Therefore an optimal position for one set 
of conditions is not necessarily optimal for another. However significant improvcmcnts 
in the shielding performance can be achieved over the conventional shielding conductor . . . 
arrangements, 

The asymptotic ratio of the magnitude of the indue.ed field due to zero se.(juence 
current in the line with repositioned shield wires, relative to the line without shield 
wires is shown in Figure 6.6. The zero sequence induction is reduced to between 40 % 
- 58 % of it's previous value by the installation of "M INK" shielding conductors in the 
piane of t he phase conductors. 

Small perturbations of the impedances due to frequency or earth resistivity vari
ations result in larger relative changes of the difference::; hetween the self and 1l1l1tual 
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FigUl'e 13.0, Reduction of Zero Sequence induced voltage for horizontal line with 2 repositioned 

II-t1NK shield wires. 

impeda.nces, and hence larger variations of the shielding effectiveness. However as 
the mutual and self impedances are more similar than in the case of the conventional 
tr,U}smission line, the shie.lding is improved. 

To further improve the performance of the shielding conductors it would be neces
sary to further reduce the inter-conductor spacings and/or reduce the self impedance 
of the shielding conductors. This Iilay not be practical due to insulation requirements 
and conductor characteristics. 

6.3 Double Circuit Line 

(n this section the behaviour of a. double circuit Une is investigated. The vertical 
spacings of this Une are identical to t hose of the Invercargill to Manapouri 220 kV 
transmission Une in the New Zealand South Island system, however the horizontal 
spacings have been changed so that the phase conductors lie on the circumference of a 
cirde ( Figure 6.7 ). A centre point symmetric phasing arrangement has been chosen 
to minimise the constant asymptotic sequence ratio at large separations. 

6,3.1 Centra l Shield Wire Arrangement 

By plaCing the shielding conductor at the centre of the drde on which the ,pha.se 
conductors are arranged ( Figure 6.7 ). zero sequence currents induced in the central 
shield wire wh('n balanced sequence currents fiow in the phase conductors are reduced. 

The Ulle ratios of the electric fields indllced by this transmission Une with respect 
to the electric fields induced by the line in the absence of shield wires is given in Figure 
6.H. These are similar in form to those obtained for the horizontal transmission line 
with repositioned shield wires. The ze ro sequence induction is reduced to 61% - 76% 
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C Phase 

• 

B Phase 

• 

A Phase 

2:3.5 m 

Line data 

Name 

Nominal voltage 
Circuit 1 

• 

18.0 III 

Coordinates of A phase conductor: 
Coordinates of B phase conductor: 
Coordinates of C phase conductor: 
Circuit 2 
Coordinates of A phase conductor: 
Coordinates of B phase conductor : 
Coordinates of C phase conductor: 
Coordinates of shield wire 
Phase Conductor Type 
Shield wire type 

I.S5 

A Phase 

• 

Shield wire B Phase 

• 

C Phase 

• 

12.5 Ul 

Double Circuit Line wi th Central Shield 
Wire 
220 kV 

( 4.42 Ill, 23.5 m) 
( 6.33 Ill, 18.0 Ill) 
( 4.80 In, 12.5 m) 

(-4 .80 Ill, 12.5 m) 
(-6.33 lll, 18.0 Ill) 
(-4.42 Ill, 23.5 Ill) 
( 0.00 Ill, 18.0 Ill) 
Zebra 
Mink 

Figure 6.7. Double Circuit Transmission Line Geolnetry with Central Shield Wire 
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Figure 6.8. Line ratios for double circuit line with central MINK shield wire: ear th resistivity - 100 
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of that induce.d by the line in the absence of the "M INK" ACSR shielding conductor. 
The line ratios due to baJanced sequence current flow in the transmission line show 
significant differences between the positive and negative sequence induction, and tend to 
a linear function of separation at large separations. The graphs are frequency and earth 
resistivity dependant. As the earth resistivity is increased the slope of the balanced 
s('qu('nc.e line ratio graph, and the magnitude of the zero sequence line ratio reduce, 
wnile the opposite effect occurs for an increase in frequenc.y. 

The sequence ratios of Figure 6.9 tend asymptotically to a constant value as the 
separation is increased, despite the centre poi nt symmetric phasing arrangement. This 
is between 0.001% and o.oa%, for frequencies between 50 and 2500 Hz, and earth 
['(,sistivities from 10 to 1000 n.m. The ratio is highly sensitive to earth resistivity and 
frequency. The effect oceurs beeause the mutual impedances from each phase condu ctor 
to the shield wire are not equal. Each phase conductor is equidistant from the shield 
wire, however the earth distorts the fields, destroying the symmetry and creating the 
mutual impedance unbalance. The balanced sequen c.e line cond uctor currents then 
induce a zero sequence current in the shield conductor. Zero sequence current flow in 
the phase conductors also returns via the earth, therefore the induced electric ftelds 
due to balanced and zero sequence nlrrent flow in the transmission line reduce at a 
similar rate with separation, and hence their ratio becomes constant . The constant 
ratio would he expected to be a maximum when the depth of return is minimise.d, as 
the impedance unbalance is largest for this case. The numerical results support this 
pre(lidion. 

The redu('tion factor for the induced electric field due to zero sequence current flow 
in the transmission line is shown in Figure 6.10. The field call be re(luced to 61 % -
77 % of its previous valne by installing a central "M INK" ACSR shielding conductor. 
Fttrther but smaU improvements could he effected by using lower impedance ACS R 
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F igu re 6.9. Sequence ratios fO f double circuit line with central MINK shield wire: ea. rt h resistivity 

- 100 n.m, frequency - 1000 Hz. 

conductors, however the additional cost may not be warranted . The reduction that 
can he achieved is not as great as that for the horizontal tra.nsmission line. This is due 
mainly to the greater self impedance of the shielding circuit for this line, 

6.3,2 Comparison with Conventional Shie ld Wire Placem ent 

A commonly used phase conductor arrangement is shown ill Figure 6.11. The low 
im pedance MINK shield wire is located above the phase conductors to shield them from 
lightning discharges. Line ratio graphs for the line with a shield wire, with respect to 
that without ally shielding conductors is similar to those of Figure 6.S. The principle 
differences are that the slope of the balanced sequence line ratio graph is increased, 
and the zero sequence reduction factor is increased. This results in large r zero sequence 
induction with regard to the line with a ce.ntrallow impedance shield conductor. 

The increased slope of the balanced sequence line ratio is due to greater impedance 
unbalances between each phase conductor and the shield wire. This results in a larger 
zero sequence current flow in the shield wire due to balanced sequenc,e current flow in 
the phase conductors. 

A typical sequence ratio graph is shown in Figure 6.12. This indicates that the 
constant asymptotic ratio effec.t OC.curs for this line. For earth resistivities between 10 
and 1000 n.m and frequencies from 50 to 2500 Hz, the asymptotic ratio is less than 
1.1 %. The balanced sequence current will need to be at least 90 times the zero sequence 
current to induce electric fie lds of comparable strengths at large separations. 

In Figure 6.13 the ratio of the field due to zero sequence current in the line with a top 
shield conductor, to that from "the line without a shielding conductor is shown. When 
compared with Figure 6.10, the top shield conductor arrangement generally results ill 
a higher level of induced voltage due to zero sequence current, except when tbe earth 
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F igur e 6.10. Reduction of Zero Sequence induced voltage for the double circuit line with central 
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leslstlvlty is low. The magnitude is l€'ss sensit ive to earth resistivity variations than 
with a central shield wire . The zero sequence induction can be reduced to 64 % - 78 
% of its value prior to the installation of a shielding conductor by installing a "M INK" 
ACSR shield wire above the phase conductors. 

Bala.nced sequence currents in the transmission line. induce a zero sequence current 
in the shield conductor, resulting in increased losses in the latter, and increased induc
tion. However the losses are practically insignificant regardless of whether the shield 
wire is located at the centre of the group of phase conductors, or above the phase 
conductors. 

6.4 Single Circuit Line on a Double Circuit Tower 

6.4.1 Central Shield Wire Arrangement 

A single circuit on a double circuit tower Illay be viewed as an extreme case of 
current unbalance in a double circuit transmission line. The transmission line studied 
is that shown ill Figure 6.7, with only the right hand circuit installed. 

The induced electric fields frOIll t his line relative to the line without shield wires 
is shown in Figure 6.l4. These are similar to those of the double circuit line with the 
exception that the line ratio due to balanced sequence current becomes constant at 
large separations, and independent of the current sequellce as the pbase conductors lie 
in different horizontal planes. However current flowing in the shielding conductor acts 
to reduce the influence of the phase conductors, and the line ratio is reduced to 95% -
97% of its value in the absence of shielding conductors. 

The zero sequence line ratio is practically indepe.ndent of separation, and is reduced 
to hC'tween 61 % and 76% of the field from the line in the absence of the MIN K ACSR 
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C Phase 

• 

B Phase 

• 

A Phase 

• 

23.5 m \8.0 III 

Name 
Nominal voltage 
Coordinates of A 1 phase conductor; 
Coordinates of B 1 phase conductor: 
Coordinates of Cl phase conductor: 
Coordinates of A2 phase conductor; 
Coordinates of 82 phase conductor: 
Coordinates of C2 phase conductor' : 
Coordinates of shield wire 
Phase Conductor Type 
Shield wire type 

• 
Shield wire 

A Phase 

B Phase 

• 

C Phase 

• 

12 .5 III 2R.94 tll 

Double Circuit Line with Top Shield 
220 kV 
( 4.42 Ill, 2;l . .) m) 
( 6.33 III, 18.0111) 
( 4.80 lll, 12.5 m) 
(-4.80 lU, 12.5 Ill) 
(-6.33111, 18.0 m) 
(-4.42 m, 23.5 m) 
( 0.00 Ill, 28.94 m) 
Zebra 
Mink 

F igur e 6.11. Double Circuit Tra.nsmission Line Geometry with Top Shield Wire 
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Figure 6.14. Line ratios for single circuit line with central MINK shield wire: earth resistivity - 100 

n.m, frequency - 1000 Hz. 

shield ing conductor. 
The constant asymptotic sequence ratio effect occurs for this line as the phase con

ductors lie in different horizontal planes, and do not cancel at large separations. The 
ratio is less than 11 % for the range of conditions studied, indicating that ba.lanced se
quence currents must be at least 9 t imes the zero sequence Cl!!"I"cnt to induce. comparable 
fiei<ls at large separations. 

The ratio of the induced electric field due to zero sequence current flow, relative to 
the field induced by the line in the absence of a shielding conductor is trivially diffe rent 
from the corresponding graph for the double circuit line with a central shield wire ( 
Figure 6.7 ). 

6.4.2 Top Shield Wire Arrangement 

Figure 6.15 is the line ratio graph for the single circuit line with a single low impe
dance shield wire mounted above the pylon, as shown in Figure 6.11 . 

The balanced sequence line ratios increase to a peak near the transmission line ( 
135% to 2700% ) which is highly sensitive to frequency and earth resistivity. The peak 
line ratio is maximized when the depth of return is maximized. The field due to halanced 
sequence current is less than 15% of that due to zero sequence current. Consequently 
the latter will only be the dominant interfering current when the balanced sequence 
current is less than 6 times the magnitude. This condition will not he satisfied by the 
50 Hz current under normal power system operating conditions. 

Significant differences occur between the line ratios due to positive ami negative 
sequence currents. The ratios tend to a constant value as the separation is increased al1(1 
lie between 23% alld 800% for the range of frequencies and earth resistivities studied. In 
general when the depth of return is moderate or small, the balanc.ed sequence in(1llctioll 
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Figure 6 .15. Line ratiOli for single circuit line with top MINK ~hield wire: earth resistivity - 100 
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is reduced signiflca.ntly by the top shield wire. However when the depth of return is 
large) it is increased by the top shield wire. 

The electric field at large separations from a tra.nsmission line carrying balanced 
currents is determined mainly hy the phase and position of the highest conductor on 
the pylon. Thus the induction from a line in which the phase conclucto rs lie in different 
horizontal planes lUay be improved by reducing the influence of the highest phase 
conductors in relation to the lower ones. T his can be achieved by placing the shield 
wire doser to the upper phase conductors than the lower ones . This technique. can be 
very effective, as demonstrated hy the performance of the line with a top shield wire . 
The main problem with this technique is that when the depth of return is large the 
lIpper phas€' wllductors do not require very much additional shielding as the mutual 
impedan{'l:'s between each phase conductor and the cable are more similar in magnitude 
than when the depth of return is shallow. Therefo re the use of a top shield wire can 
increase the mutual impedance unbalance, increasing the induction. 

The zero sequence induction c,an be reduced to between 64 % and 78 % by installing 
the top mounted shield conductor. 

The. sequence ratios are given in Figure 6.16. The constant asymptotic sequence 
ratio effect occurs as the phase conductors are in different horizontal planes, and lie 
hetween 0.55% and 7.1% for the range of conditions studied . The ratios differ for 
positive and negi\tive sequence currents as the t ransmission line is asymmetric. 

6 .4 .3 Comparison of Shield Wire Losses 

The shield wire losses whe.1l 400 amperes per phase of positive sequence, 50 Hertz 
cunent flows in the 100 km line are listed in Table 6.4. 

The losses are significantly greate.r when the top shie.ld wire arra.ngement is IIsed. 
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Shield wi re Tota.l % of Phase Percenta.ge of 
position Losses (w) Conductor Losses Injected P OW(,f 

Central 45 0.0008 % 0.00003 % 
Top 260000 4.6 % 0.17 % 

Table 6 .4. Shield Wire Losses for the Single Circuit Line at 50 Hz a.nd 100 n.m 
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However in all cases the losses are sufficiently small to be of no practical concern. 

6.5 C onclusion 

Shield wires on high voltage transmission lines can be used to reduce interference 
from zero sequence currents flowing in the transmission line. The level of induction can 
he. reduced to less than 50% of the field magnitude induced by the line in the absence 
of shield wires, however for common transmission line geometries and cond uctor types, 
it is only practical to reduce the induced elect ric field to 70% of its previous value . 

Shield wires tend to inc rease the induction due to balanced sequence current flow 
and careful consideration should be given to this effect for fundamental frequency cur· 
rents. At harmonic frequencies the balanced sequence current must be many times 
greater t han the zero sequence current to induce comparable electric fields at large 
separations. This may OCClir at power system resonant frequencies which are different 
for the balanced and zero sequence components. 

The shielding effectiveness is dependant on the impedance of the shielding conduc· 
tor. The GEHSS conductors currently used are considerably less effective than lower 
impedance ACSR conductors. It is recommended that ACSR shielding be used partic
ularly when high 50 Hertz induction problems are expected, as GEHSS conductors are 
largely ine1rective at low frequencjes. The shielding can be improved significantly by 
reducing the 'shield wire· tine conductor spacings. However in practice consideration 
must be given to the insulation requirements of t he phase conductors . 

The effectiveness of the shielding from zero sequence induct ion is largely indepen
dent of conductor location, provided that the "average" phase conductor to shield wire 
separation is kept constant. However the shield wire losses and the influence of the 
shield wire on the balanced sequence induction are highly dependant on shield wire 
position. In general, to minimise shield wire losses, and the infl uence of the shield 
wire on balanced sequence induction, the shield wire should be positioned so that it is 
equidistant from all phase conductors. 

Shield wire losses can be significant. However for the transmission tines studied, it 
has been found that the losses are small in relation to the phase conductor losses. Also 
hy installing the shield wires only in areas of high interference, little regard for this 
factor is necessary. 
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CHAPTE R 7 

IN DUCTIVE INFLUE NCE MEASURES 

7.1 Introduction 

Accurate measure" of the induct ive influence of transmission lilIes are required for 
the inductive coordination of power and telecommunication systems. These measur~s 
should quantify the resultant disturbing ability from the telec.omm unication users per
spective. Failure to select an appropriate measure may result in the definition of inter
ference limits that' are either excessively stringen t to gllarrantee protection for telecom
munications users, or lenient to avoid imposing overly restrictive requirements on power 
authorities. 

In the author's opinion, lililits for t he induct ive influence of high voltage transmis
sion lines should be based upon the intensity of the Longitudinal Electric field (Section 
4.2). This quantity accurately represents the ability of the line to induce voltages in 
huried telecommllnication cables, 

There are a munher of rusadvantages with the use of the LEF as an inductive 
influence measure however: 

• The calculation of the Longitudinal Electric Field from conductor current infor
mation is computationally intensive. The mutual impedance between each current 
carrying conductor and the telecommunications cable lllust he evaluate(1 for aU 
harmonic orders, be scaled by the current and combined to give the resultant 
LEF for the line. 

• Detailed transmission line geomet ry data, current magnitude- and phase informa
tion fo r all conductors and harmonic orders, and the pa.ra.meters of the earth are 
required to calculate the LEF. It is difficult to perform accurate measurements of 
harmonic. current flows within the power system due to the lack of suitable trans
ducers . As a consequence LEF ca.lntlations are seldom pe-rformed in practice. It is 
possible to estimate conduc.tor currents from magnetic field measurements (Chap
ter 9), however this is not necessary in practice as the LEF' can be determined 
directly from the voltage induced in a loop aerial. A simple analog computer, 
consisting of an appropriate frequency weighting network and nns voltmeter, can 
be lIsed to transform the harmonic voltages induced in the loop into a direct 
reading of the equivalent LE f . 

• The LEF is a function of separation which often has localised extrema in the near 
field region. Therefore it is necessary to calculate and/or measl1n:' the LEF at a 
number of points, and combine them into a single "equivalent" figure to pnSllre 
that the results do not happen to fall on 10calminilllll111 or llla.x1mulll which could 
lead to enoneous conclusions. 

Detailed LEF studies are gene.rally only performed when a pot€'ntial prohl€'1ll has 
been identified that requires invest igation. Other measurE'S (If the ilH1uctive influence 
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such as the Equivalent Disturbing Current or 1 km Test Line method are used to specify 
the performance objective of transmission systems. These measures are discussed in 
Section 7,:3. 

The regular nature of the far field dependencies of llluiticonductor transmission 
lines, COil pled with the success of the Basic and Phase Corrected Vert ical Inducing Loop 
models, prompted the author to study simplified expressions for the LEF based upon 
the far field VIL approximations for t he mut ual impedance. The resultant measures are 
reported in Sect ions 7.3.3 and 7.3.4. They exhibit the same freq uency, earth resistiv
ity and conductor geometry dependencies as LEF calculations using accurate lllutual 
impedance models. The Phase Corrected induct ive infiuence measure also displays the 
('orrect far field current sequence dependencies for all transmission Une geometries. 

The chapter opens in Section 7.'2 with the derivation of the Basic and Phase Cor
rected equations for the mutual impedance between a multiconductor line and a buried 
cable. Comparisons are made between the gross far field dependencies predicted using 
these models and the observed behaviour of the LEF calculated us ing Carson's equation 
Chapter 5, to establish the validity of the approximations . 

Existing measures of ind uctive influence are reviewed in Section 7.3. The new 
me<l.Sures are then presented, compared with existing measures an d recommnedations 
made as to when they should be used . 

7.2 Application of the Vertical Inducing Loop model to 
Multiconductor Transmission Lines 

In this section far field approximations for the longitudinal electric field induced 
by the lIlulti('onductor transmission lines based upon the Basic and P hase Corrected 
Vertical Inducing Loop Models. 

7.2.1 Net Ve r t ical Inducing Loop Concept for Far Field Effects 

Tht:' Net VIL concept is based upon (4. 19) which states that the far fiehl inductive 
influence of a ('onductor is proportional to both frequency an d the size of the loop 
squared, and decays as the reciprocal of square of the se.paration . Superimposing the 
individual conductor fields yields 

LEf'" ~ {WI', (Yi - Yr(i))' 
~ • 471' (x :c')' 
.=1 I 

Where 

Ii = current in conductor i (A) 
Yr(i:}- depth of the i'th conductor's return path (m) 
Yi = Y ordinate of the i'th condactor (Ill) 
n = total number of Cllrrent carrying conductors 
Xi = :1: ordinate of the i'th cond'lctor (m) 

(7.1 ) 

Since the horizontal component of the inter-conductor spacing is very small in rela
tion to the cable-line separation, differences in the mutual impedances due to differing 
conductor-cable spacings may be ignored as a fi rst approximation, giving 

WI', I ~ ( )' LEf'" -4 ( )' L..., I; Y - Yr(i) 
11' x - Xref i=l 

( 7.2) 

where 
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Xref = average x ordinate of the conductors (m) 

The summation term may be considered to be the square of the size of a single 
Equivalent Vertical Inducing Loop (EV lL) that has the sallle inductive influence as the 
umlticonductor line. An EVIL factor has been defined to be 

,. 
EVIL = W L J;(y - Yr(i))' 

;=1 

,. [ 1 1 " wE J; (1 + V2 )'y;' + 2( 1 + V2)y;o + 20' 

Any system of conductors that forms a !le t vertical loop of (.urrent (non-zero EVIL 
factor) induces a far field that decays as t he reciprocal of the separation squared . 

AU transmission lines carrying a zero sequence current have a non-zero EVIL factor. 
As the conductor fields add constructively t he EVIL factor is dominated by the 8"2 
term, therefore the far field is directly proportional to earth resistivity and independent 
of fTequency (Tables 5.2 and 5.3). lncreasing the inter-conductor spacings does not 
inc rease the EV[L factor for a line carrying zeTO sequence current, however raising the 
average conductor height does ·regardless of the line geometry (Tables 5.4 and 5.5). 

Vertical transmission lines carrying balance.d sequence ClIlTents may also have a 
nOll-zero EVIL factor . This effect arises because the conductor heights, and therefore 
the size of the Vertical I.nducing Loops, differ. Consequently the loops to not cancel 
exactly unless special precautions are taken as in the case of a double circuit linE' with 
centre point symmetric phasing. The balanced and zero sequence far fields decay at a 
rate equal to the reciprocal of the cable-line separation squared, resulting in a. constant 
sequence ratio. As the conductor fields induced by a vertica.l line ca.rrying balanced 
sequence currents interfere destruct ively, the dominant term of the EVIL factor is 
2V2( 1 + "*" )Yi6. The far field is therefore proportional to the square root of hoth 
frequency and earth resistivity, a.nd increases with inter-conductor spacing and average 
conductor height ( Tables 5.2, 5.3, .5.4 and 5.5). 

Horizontal transmission lilies carrying balanced sequence cmrents have a zero EV[L 
factor. The far field is not zero in this case, but decays at a rate greater than one upon 
the separation squared. The constant sequence ratio effect does not ocon for horizolltal 
transmission lines. 

7.2.2 Phase Corrected Far Field Effects 

With respect to Figure 7.1 , the far field LEF induc.ed by single conductor line based 
upon the Phase Corrected VILlllodel (( ,1.26)) is 

LEF" J,w~. o(y + Y"r + 6.y; + ,) + J[2(y"r + 6.y;)y + '(Y"r + 6.y; + y)] (7.4) 
2rr [x - (x"r + 6.x;)], 

The denominator may he expanded using the binomia.l series as 

(7.5 ) 

which all substitution into (7.4 ) yields 

LEF I .wj.L,. 0' + IJ~yj [ 2~Xi 3f.).xj"2 1 
:::::: Cl-- . 1 + - . + ... 

211" (x - Xref)2 (x - xrer) (x - 3: rer)2 
(7.6) 
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- ~ - ,-J • i 'th Conductor (Ii) 

b.Yi 

r- Reference point 

Yi Yref 

Ea.rth 

where 

Vi = height of the i'th conductor (m) 
Yref = height of the. reference point (m) 
f::J.Yi = height difference between the i'th conductor a.nd the reference point (m) 

:::; Yi - Yref 

{i :::; current in the -I'th conductor (A) 
:V; :::; :c ordinate of the i'th conductor (Ill) 
:Cref = x ordinate of the reference point (m) 
6. :1:,:::; horizontal distance between the. i'th conductor and the reference point (Ill) 

Figur e 7.1 . Example TraMmission Line 
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where 

a :::;: 6(y + Yrcf + 6) + ) [2YrefY + 6(Yref + .y)] 

13 H )(2yH) 

169 

(7.7) 

(7.8) 

Applying the concept of snperpositiotl , thf:! far field from an arbitrary systelll of n 
parallel conductors can be shown to be 

LEF w~. [aLi:"'tl; f3L::"'t l i.6.Yi 2aLi:"'t {i6.xi 2/j I::~l li.6.xi .6.Yi 1 "'- .+ . + .+ . + .. . 
21l" (x - xrer) l (x - Xref)l {x - Xref).3 (x - XrefP 

( 7.9) 
The first term of this equation is dependent on the zero sequence current only. If 

the reference position (Xref,Yref) is set equal to t he average co ndu cto r position then 
this term provides a good est imate of the LEF due to zero sequence current fl ow. The 
next term accounts for the effect of different conductor heights which result in balanced 
sequence currents inducing a field which decays at the same rate as the zero sequence 
fiei<1. Subsequent terms are functions of differences in the horizontal conductor spacings 
alone or the. product of spacing and height differences. 

(7.9) yields the same gross frequency, earth resistivity and geometry dependencies 
as the Net Vert ical ln<ll1cing Loop model for cases in which the EVIL factor is not zero. 

An example of a situation for which the EVIL factor is zero is a horizontal trans
mission line carr}ing balanced sequence current. In this case .6.Yi ;. 0 for all -i and 
Li~ l h 0::: O. (7.9) then reduces to 

LEF ~ W/La. 26(y + Yref + 6) + 2J [2Yr~!y + 6(Yref + y)] t /i.6.xi + ... 
21r (x xrer)' ;=1 

(7.10) 

Ln the far field region the horizontal inter-conductor spacings are very much smalle r 
than the cable-line separation, therefore the add itional te.rms in (7.10) which are of the. 
order of 

(x xrer)4 

or higher and may be ignored with little loss of accurac.y. As 8 ~ Yref and y, the 
balanced sequence far field is approximately directly proportional to w82 and hence 
ear th resistivity, but is independent of frequency (Tables 5.2 and 5.3). It is also directly 
proportional to inter-conductor spacings .6.xi and increases with average conductor 
height Yref (Tables 5.4 and 5.5). 

7.3 Inductive Influen ce M easures 

The total interfering ability of a spectrum of harmonic currents on a mul ticonductor 
line is calculated llsing 

lnduct ive Influence Measure = (7.11 ) 

Whe re 

/ Cik ;. k'th harmonic current in conductor i (A) 
Kernel == a function describing the ability of the cOlHhlctor to caUSe interference 
Pk· ;:::: psophometric. , C message or other appropriate frequency weighting factor 

descri bing the frequency dependence of the sensitivi ty of the induced 
system (cable) to interference at the k'th harmonic. 

u ;. number of harmonics 
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(n this section four measures for quantifying t he interfering ability of transmission 
lines arE' discussed . 

7.3.1 Longitudinal Electric Field Measure 

The most obvious kernel function to use in Equation (7.11) is the mutual impedance 
between each condwtor and the cable, yielding a direct estimate of the LEF. Unfor
tunately the LEF' is expensive to evaluate due to the complexity of rigo rous models 
(Carson, 1926; Wait, 1972; Wedepohl and Efthymiadis, 1978; Gary, 1976) and is highly 
dependent on the cable-line separation. Nevertheless it is the most accurate measure 
for investigating exist ing situations. 

7.3.2 Equivalent Disturbing Current 

The most commonly llsed interference assessment measure is the Equivale1lt Di,q
tUl'bing C1£1'H:nt. This is the 800 Hz current that causes the same disturbance as the full 
spectrum of currents that exist on the line. It is calculated by using a linear function 
of frequency for the Kernel 

lh = frequency dependent coupling factor for t he k'th harmonic of 50 Hz (= kj 16) 

Equation (7 .11) may he simplified to 

Equivalent Di,iurbing Cunent = ~ Ip,H, ~ 1;,1' (7.12) 

The equivalent disturbing current is a measure of the interfering ability of the 
current spectrum on the transmission line rat her than of the line itself as it is not 
dependent on the line or earth parameters. As earth return effects are not included, this 
measure is incapable of representing the true frequency, earth resistivity and separation 
dependencies of the inductive influence , or the constant sequence ratio effect. The onJy 
concession to modelling these dependencies is a linear app roximation to the frequency 
dependence of the coupling, which is valid only in the near field region (Table 5.2). 

7.3.3 Net Vertical Inducing Loop Inductive Influence Measure 

A measure based upon the Net VIL concept is now proposed . 
1!l this measure is the size of the VIL formed by each conductor. 

The Kernel function 

2 1 {;o;, 
w(y; - yr(i)) "w[(1 + /2)y; + v2b] (7.1;)) 

Thf' complete measure is thet'cfore 

Net VILMeasure = ~ 1 P, ~ I"w[( 1 + ~ )y; + /20]' I' (7.14) 

The iuner summation of Equation (7.14) is the EVIL factor defined in Equation 
C7.J), which is proportional to the far field LEF induced by a lllulticonductor line. 
H inr\lldf'S th(' frequency, earth resistivity and geometry dependence due to differing 
conductor heights, yet is independent of the cable location although it is assu.med 
that the rahle is in the far field region. The measure always provides an accurate 
estimate of the far field dill' to zero sequence current flow . However it fails to provide a 
reasonable estilllate of the interfering ability of horizontal transmission lines or vertical 
double circuit transmission lines wit h centre point snnmetric phasing carrying balanced 
sequellCf' CUlTellts evenly distributed bet~een the circuits, as the EV IL factor is zero 
for these cases . 
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7.3.4 Phase Corrected Far Field Inductive Influence Measure 

It has been shown in Equation (7.9 ) that the resultant fie ld hom a llluiticonductor 
linE' is the sum of a sequence that proceeds as 

Where 

E$ = coefficient of separation squared term 
Ee = coefficient of separation cubed term 

These coefficients can be used as a measure of the inductive influeuce of lllulti 
conductor transmission lines. Two measures are proposed: one with E8 as the kernel 
function, the other with Ec. The first measure is essentially the Net VIL model with 
phase correction and the cable height (Yd retained explicitly in the mutual impedance 
approximation. The second measure, which is only required when the first measure is 
zero, accounts for the horizontal spacing between the conductors and overcomes the 
deficiences of the Net VIL Model at the ex pense of added complexity. 

The measures may be expressed as 

Square Measure = (7.15) 

ell bic Measure 

Other higher order measures may be derived, however it has been found that Equa
tion (7 .15) and (7.16) are sufficient to accurately quantify tbe inductive influence of all 
multiconductor lines studied. These measures differ ouly in the addends of the inner 
sUlllmations and therefore can be evaluated simultaneously with high efficiency. If the 
Square measure is not zero then it is generally not necessary to evaluate the Cubic mea
sure as the field associated with the Squar€'. term decays at a slower rate and therefore 
will be dominant in the far field region. 

7,3.5 Discussion 

Although the Net VIL and Phase Corrected Far Field Inductive Influence measures 
appear complicated, they are in fact easier to evaluate than the Longitudinal Electric 
Field measure. Complex addition, multiplication and real arithmetic and s(juarc root 
operations are required, whic.h may be imple_mented on programmable calculators 01' 

mE'asuring instruments with rcal arithmetic .. 
A disadvantage of the new models is the volume of data required. Conductor 

(~u rrents at all frequencies, the geometry of the line and the eaTth resistivity are needed. 
However as all conductor currents are required for the existing measures the additiOllal 
data needs are small . 

The new measures presented in this paper are superior to existing metho(ls due 
to their inclusion of line geometry and earth resistivity effects, and their simple forlll. 
The Net VIL model may be adequate in practice as almost all transmission lines cany 
zero sequence currents which will normally be dominant. However it can lead to ('rI'OI'S 
for lines carrying balanced sequence currents. In this case the Square measure should 
he used, although this is not sufficient for horizontal and double circuit centre point 
symmetric lines carrying balanced sequence currents. 
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Only the Longitudinal Electric Field measure or the combined Square and Cubic 
measures provide a. reliable measure for all li ne types studied, but are unfortunately 
more expensive to implement. 

7.4 Conclusions 

Nf"W measures of the interfering ability of lll uiticotlc\uctor transmission lines bave 
heen derived which are supe rior to existing methods as they include the effect of trans
mission line geometry, earth resistivity, frequency and all cur rent flows on the interfering 
ability. They are easier to evaluate t han Longitudinal Electric Field measures based 
lIpon existing mutual impedance formulas . 
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CHAPTER 8 

INDUCTIVE INFLUENCE· OF THE NZ HVDC LINK: 
COMPUTER STUDIES 

8.1 Introduction 

Knowledge of the inductive influence of a transmission system is required for the 
co-ordina.tion of the system with communication services. The inductive influence of 
a system may be determined by direct measurement or by simulat ion. However it is 
impractical to determine the inductive influence of a, large system by measurement due 
to the need to perform measurements at many sites to ensure that no resonant effects 
are missed, and the requirement that measurements be made over a complete range of 
operating conditions to establish the severity of the problem. 

An accu rate model of the transmission system is required for the calculation of the 
inductive influence. Unfortunately the interfering ability of a line is highly dependent 
on earth resistivity which may vary greatly along the line. Previous models assume that 
the resistivity is uniform thereby enabling the current at any point to be calculated from 
the terminal conditions and modal propagation constants (Meyer and Dommel, 1969). 
Reali stic modelling requires the lise of non-homogeneous line models which also allows 
discontinuities such as line transpositions, static VAR compensation devices and filtet·s 
to be included. 

This chapter describes a general algorithm for the determination of the probabil
ity distribution of the inductive influence of a transmission system. The a.l~orithlll 
was developed for the study of the Benmore- Haywards HVDe transmission system 
between the North and South Islands of New Zealand, but may be applied to Illulticon. 
ductor transmission lines of practically any configuration. Realistic tralllllission lines 
can be represented using models for the analysis of harmonic propagation (AniUaga ct 
al., 1983; Dommel, 1984). Harmonic voltage and current injections can be represented 
and provision is made to derive harmonic information at any point along the line. 

Clearly, the use of rigorous analytical techniques will normally demand a consid
erable amount of computer time and storage, and will require careful management of 
the data and results. Moreover, determination of the probability (listribution of the 
residual current an(1 inductive fields requires many repetitive studies. It is therefore 
important to pursue ways of reducing time scales without degrading accuracy. 

Several novel features are added to the transmission line parameter program which 
make the present approach considerably more ellicient than the basic method (Ani!
laga ct al., 1983), while the interference algorithm uses superposition to t'p.(luce the 
computation burden of repetitive studies. 

8.2 The Algorithm 

The aim of the algorithm is to provide a qualitative measure qf the interfering ahility 
of a transmission system . This is assessed through the lise of the 8qlt.ivalent Dist\t l'bjn~ 
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!. Select observation points and prepare the system data. 

2. Calrulale the electrical ('.haracteristics of the elements. 

:~. Cakulate the distribution of the residual current or inductive fleld of the system at each 
ohservation point for unit injections into each phase from the sending and receiving 
terminal;; 

4 For each set of harmonic injection spectra, calculate the total inductive influence of the 
system 

!). Form the probability distribution of the equivalent disturbing cu rrent or inductive field 
at ea,.h observation point 

Figure 8.1. Overview of the Algorithm 

Current or Longitudinal Electric Field measures discussed in Chapter 7. The algorithm 
can cakulate either of these quantities . 

The algorithm utilizf:'s the principle of superposition to determine the inductive 
influence of the system from a set of precalculated results. The base set of results is 
selected to span the space containing all inductive influence profiles for the system. In 
this algorithm the set of Equivalent Disturbing Current or Longitudinal Electric Field 
profiles resltiting from unit injections into each phase from each end of the system have 
bf:'en used. Consequently a stucly of u harmonics in an n phase phase system requires the 
ev;tluation of 2.n.u profiles before calculation of the total inductive influence begins. 
Obviollsly this method is less efficient for single case studies than a direct solution, 
however for repetitive studies it significantly reduces the computational requirements 
as the currents in all conductors are not calculated for each injection . 

To maximize computer efficiency the system components are represented by ABeD 
parameter matrices. This limits the application of the algorithm to systems in which the 
phase cond uctors are continuously connected. Interconnected systems may be solved 
using nodal analysis to determine the terminal conditions of the continuous sub-systems. 

An overview of the algo rithm is presented in Figure 8.l. 
The input data to step I of the algorithm contains details of each element in the 

system; an element in this context being a homogeneous transmission line section, a 
cable, a series impedance or a shunt admittance. Component connections are inferred 
from the order of presentation. Element type data and those parameters neCf:'ssary for 
thE' df:'termination of the elements' eiedrical characteristics are entered, snch as the 
conductor type, arrangement and earth resistivity in the ca.se of a transmission line 
element. 

The lIser is prompted for the location of observation points at which the inductive 
influence is to be calculated . [f standing waves are to be observed then observation 
points should be inserted at intervals of less than one tenth of a wavelength at the 
highest fre([ueney. The elements' data is then partitioned so that the observation 
points fall at the junction of two elements. 

Output from this step consists of an unformatted file of element data which has 
been checked for validity. 

Step 2 calculates the reduced f:'C]uivalent phase ABCD matrix for each element at all 
frequf:'llcies of interest. A frE'(]uency dependent transformation matrix frolll equivalent 
phase {:urrents, to currents within all conductors of the line ( including earth wires and 
optionally, sub-conclUdors in a bundle) is calculated for aerial line sections . The output 
from this st ep is an unformattf:'C1 file of ABe D matrices for all elements, with data on 
the physica.l arrangement of the conductors and equivalent phase to condudor current 
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transformation matrix for aeriaJ line sections. Details of the method of calculation and 
the features used to improve computational efficiency are contained in sections 8.:1 and 
8.4 . 

Once the electrical parameters of each element have been determined, it is necessary 
to calculate the response of the system to un it injections on each phase, from both ends, 
for aU harmonics ( step 3 ). Each harmonic, an (1 indeed each injection, is considere(1 
independently of all others. Details of the process are given in section R.i). 

OutPllt from step 3 is a set of 2.u.u complex numbers for each observation poinlo 
This represents a significant reduction in dat a volume over that input. As a consequence 
it is practical to retain the output in the computer memory, whereas this is frequently 
impractical with the output of step 2. 

Having calculated the set of base Equivalent Disturbing Current or LEF profiles, 
the inductive influence for each harmonic is calculated by scaling and snperimposing 
the base results fo r iujections of the sallie frequency. The total inductive infllle[}(~e over 

all harmonics is then formed . 
The equivalent disturbing currents or Longitudinal Electric Fields for each injected 

spectrum are then combined to for111 cumulative probability distributions in step 5. 
The data generation and presentation steps of the algorithm have been separated 

to enable customizing of the presentation format to suit the user's requirements. 

8.3 Transmiss ion Line Parameters 

Transmission line parameters can be evaluated ve ry efficiently by exploiting the 
symmetry of the matrices, the tinear variation of some quantities with frequency, curve 
fitting approximations to complicated functions, and approximations to the diagonal
ization matrices when calculating long line parameters. However to maximize these 
efficiencies it is necessary to calculate the parameters of the line for a.ll frequencies of 
interest at the same time. 

8.3.1 Evaluation of Lumped P aram eters 

The lumped series impedance matrix Z of a multiconductor transmission line con
sists of three components, while the shunt admittance matrix Y contains one (Galloway 
et al., 1964). 

Z = Z~. + Zg + Zc 

Where 

Zc is the internal impedance of the conductors (O .km - l), 
Zg = is the impedance (Ine to the physical geometry of the conductor's arrangement 

(n.k>n- ' ), . . 
Z~ = is the earth return path impedance (O.km-1

), and 
Yg = is t he admittance due to the physical geometry of the conductor (O-I.km- 1

). 

All primitive matrices are symmetric, and therefore the functions defining the ele
ments need only be evaluated for elements on or above the leading diagonal. 
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8.3.1.1 Earth Impedance Matrix Ze 

The impedance due to the earth path varies with frequency in a non+linear fashion. 
The solution of this problem, under idealized co nditions, has been discu s~ed in Chapter 
:3. 

A v;:u-iely of earth retum models were included in the algorithm. Nagakawa's multi
layer integral equation model (Nakagawa and Iwamoto, 1976) was used for its ability to 
represent stratified earth struc.tures at the :sites where measurements were performed. 
The Infinite series form of Carson's equation (Carson, 1926) and the complex penetra
tion model (Deri and Tevan, 1981) were implemented to enable accuracy and compu
tational efficiency comparisons to be made between them and the Acha Curve Fi tting 
model ( Daza, 1988). T hese studies indicated t hat the accu racy of the Acha model is 
adequate (Section 4.4, and that the use of this model resuite(] in a 98implementation, 
and 69penetration model. 

8.3.1.2 Geometrical Impedance Matrix Zg and Admittance Matrix Yg 

If the conductors and the earth are assumed to be equipotential surfaces, the geo
metrical impedance can be formulated in terms 01 potential coefficients theory. 

The self potential coefficient '!/Ii; for t he i'th conductor and the mutual potential 
coelilci€'nt "r/lij between the i'th and j'th conductors are defined as follows, 

V(Xi - Xj)' + (Yi + Yj)' 
t/lij = In -'-r~~~~=:=~~"" 

V(Xi - Xj)' + (Yi - Yj)' 

where (Li is the radius of the i'th conductor (Ill) while the other variables are as defined 
earlier . 

Potential coefficients depend entirely on the physical arrangement of the conductors 
and need oilly be evaluated once. 

For practical purposes the ai r is assumed to have zero conductance, and 

W~' [ I Z, = 1000] 2 .... 

where [w] is a matrix of potential coeJlicients. 

The lumped shunt adlllittance parameters Yare completely defined by the inverse 
relation of the potential coeillcients mat rix (Galloway et al., 1964), i.e. 

where fa = permittivity of free space = 8.854 x 10- 12 (F .m- 1
) . 

As Z9 an <i r:q are Unear functions of freque.ncy, they need only be evaluated once 
and scaled for other frequencies. 
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8.3.1.3 Conductor Impedance Matrix Zc 

This term accounts for the internal impedance of the conductors. Both resistance 
and in<1uctance have a non-linear frequency dependence, and need to be computed at 
each harmonic frequency. An accurate answer for a homogeneous non-ferrous conductor 
of annular cross-section involves the evaluation of long equations based on the solution 
of Bessel functions, as shown in (8.1). 

Where 

Xe :;::::- )J 3WlJ.lI. aO! 

" xii :;::::- JJ 7"'"'J.ta aj 

" ae :;::::- external radius of the conductor (ttl) 
ai :;::::- internal radius of the conductor (m) 
Jo :;::::- Bessel hlnction of the first kind and zero order 
Jo :;::::- derivative of the Bessel function of the first kind and zero order 
No :;::::- Bessel function of the second kind and zero order 
No = derivative of the Bessel function of the second kind and zero order 

(8.1 ) 

Pc = resistivity of the · conductor material at the average conductor temperature 
(ll.m) 

The Bessel functions and their derivatives are solved, within a specified accuracy, 
by means of their associated infinite series. Unfortunately convergcnce problems are 
frequently cncountered at high frequencies and low ratios of conductor thickness to 
external radius i.e, (re - n)/re, necessitating the lise of asymptotic expansions. 

A new dosed form solution has been proposed based on the concept of cOlllplex 
penetration (Semlyen and Deri , 19R5); unfortunately errors of up to 6.6 per cent occur 
at low frequencies making the method unsuitable for harmonic studies, 

To overcome the difficulties of slow convergence of the Besse! fUIIction approach 
and the inaccuracy of the complex penetration method, an alternative approach based 
upon curve fitting to the Bessel function formula has been developed by Daza, 1988. 
Equation (8.2) is used to approximate the internal impedance. 

(8 .2) 

Where 

Zc E Zc 
c ~ 1;£ 
Rdc ::::: direct current resistance of the conductor 

(ll.km- I ) 

sc, tc, u c, Vc = curve fitting coefficients 

A maximulll value of c = 300 and thickness to radius rat ios of between 1.0 and 
0.4 were considered. Coefficients for thickness ratios not provided for in Table A2 are 
calculated \Ising tinear interpolation. 

An assessment of the error.s introduced by the curve fitting approach shows, it 

max.imulll er ror of :2 per cent fo r the real and reactive components of the internal 
impedance for a thickness ratio of 0.5. 
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The matrix Z" is diagonal, and normally computations for one phase conductor and 
one earth-wire are sufficient. 

A comparison of the computational requirements of the Acha Curve Fitting, Sem
lyen and Bessel Function models for conductor impedance calculations indicate that 

70% and 90% reductions of CPU time are achieved through the use of the Acha curve fitling 
model for conductor impedance. 
8. 3.1.4 R e duced Equivalent Matrices Zp and Yp 

Although transmission lines contain a, large number of conductors, i.e. earth-wires 
and several bundle conductors per phase, it is more efficient to solve the system in 
terms of reduced equivalent phase parameters. 

Reduction of bundle conductors can be achieved in two ways . One of them, the 
Geometric Mean Radius (G MR) concept (Anderson, 1973), although frequency inde· 
pendent, provides an efficient computational solution. This method can only be used 
when information on the distribution of currents within a bundle is not required. How
ever such detailed information is only required when calculating the inductive field at 
very small distances from the line. It is not required for the calculat ion of equivalent 
disturbing currents. 

The second method uses matrix reduction techniques. It includes frequency de
pendence for the series impedance but requires considerable computation, with the 
following three steps carried out for each frequency ( except for 'if)m since this matrix 
is frequency independent). 

l. Setting up of Z and 'if)", with an order equal to the total number of conductors 
plus earth-wires. 

"2. By assuming that the volt age from t he line to ground is exactly the same for all 
the conductors ill the bundle, and that of an earth wire is zero, two transformation 
matrices Bm and 8 mt are built up, so that modified matrices Zpp an d VJmpp are 
obtained, i.e. 

By way of example, for a system of 3 conductors, AI, A2 and E, where Al and 
A2 are bundled together while the £ is continuously earthed. Matrix Bm will 
then be 

Al A2 E 
Al +1 -I 0 

8 m A2 0 +1 0 
E 0 0 +1 

:1. Next a partial inversion (Shiple.y and Coleman, 1959) is applie<l to the matrices 
Z pp and 'ifJ,,,p~,, All hut those phase conductor rows that have not been modified 
a.re inverted . Thus, final reduced eqllivalent matrices Zp and vJ",p are arrived at, 
whose order equa.ls thE" number of phases but implicitly accounts for the original 
configuration. 

8 .3.1.5 Transfo rma tion Matrix from Equivale nt Phase 
C urre nts to Conductor C urre nts 

Information 011 all conductor currents is required for a thorough interference as
s('ssment near the line. A transformation matrix from equivalent phase to conductor 
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cnrrents is calculated during the reduction of the series impedance matrix. After the 
partial inversion, the followillg partitioned matrix equation is obtained . 

v,, 
x 

o 

Where 

V~p = vector of series voltage drops in the equivalent phase conductors (V) 
he = subconductor and earth wire current vector (A) 
n~ = matrix relating subcondllctor currents to equivalent phase cu rrents 
lep = vector of equi valent phase currents (A) 

T he currents in the bundle suhconductors <wd earth wires can he calculated using 
(8.3). 

(8.3) 

This equation determines the currents in those conductors that have been elimi
nated. To determine the current in the principal conductor of each bundle the relation
ship that the equivalent phase current is the sum of the suhcondllctor currents is used. 
Matrix Tb t is a\lgmented with these equations to yield the complete transformat.ion 
matrix. 

8. 3.2 Evaluation of Distributed Param eter s 

As the electrical distance increases with frequency) long-line effects must be taken 
into account in harmonic propagation analysis. 

To date only equivalent 1f circuits have been used for harmonic distortion applica
tions (Arrillaga et al., 198:1; Dommel, 1984). However, the transfer function approach 
seems to be a more efficient alternative (Semlyen and Abdel-Rahman, 1982). 

8.3.2.1 Modal Analysis at H armonic Frequencies 

The inclusion of long· line effects in multiconductor transmission line models is not as 
simple as for single phase lines) because it involves matrix rather than sc.alar operations. 

Opera.tions such as square roots, loga.rithms) circular and hyperbolic functions 
etc. are not directly defined in matrix theory. In the solution adopted by Dommel 
(Domlllel) 1984), Galloway (Galloway ct al., 1964) and Semlyen (Semlyen and Ahdel
Rahman, 1982) the matrices are diagonalized) i.e. decoupled, through modal analysis 
and then normal scalar operations are carried out for the decoupled matrices. 

In transmission line theory two transfo rmation matrices are needed. One defines 
the modal voltages and the other the modal currents) i.c. 

Ip = Ti 1"10 

Where 
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Vp = vector of phase voltages, 
[p vector of phase cmrents, 
V", -= vector of modal voltages, 
Im (J = vector of modal currents , 
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T tl = eigenso\ution of the product ZY, and 
Ti = eigenso\ution of the product YZ. 

The matrices Z and Yare the lumped parameter matrices derived earlier. 
Also, as an extension, 

Z - '1'-1 Z'l'· "Ill - 11 I 

At this stage, both Zm and }~ll are fully diagonal and scalar operations are permit
ted. For instance, 

wh€'re ZIll E Zm and YlII E ~u· 

1m = .,JzmYm 

/2'", ZOlll = -
Ym 

The same is true for all the hyperbolic and transfer functions discussed helow. 
Also a transformatio n from modal to phase domain is possible, 

For an efficient numerical solution, the proposed algorithm uses the following sim
plifications: 

L Theoretically, transformation matrices Tv and T j must be obtained at each har
monic frequency, as modal transfo rmations are unique and frequcncy dependent. 
However it has been observed that they do not vary much for a wide range of 
frequencies (SI2'mlyen and Deri , 198,1». Om investigation has found that a single 
eigenanalysis, carried out at the fun damental frequency, is sufficiently accurate 
fo r use at harmonic frequencil2's. 

:2. The transformation matrices T u a nd Ti are non-singular and the following rela
tionships exist betwel2'n them ( Dommel , 19R4), 

Thus, only olle eigensolution is needed rather t han two. 
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8.3.2.2 AB e D Para meter s 

The ABCD parameters matrix equation for a transmission line section, is 

vVhere 

v, [A",] 

I, [C",] [D m] 

[A mJ;:.Tu x Diag(cosh"Yll/) x T;;l 
Bm =.Tu x Diag(zom X sinh "Yml) x Ti-

I 

[CmJ;;T; x Diag(~sinh 1'll/) XT;-; I 
[D

m
]. [A m[T . 'om 

8.4 Auxiliary Plant Mode ls 

v, 
x 

- I , 

For a IUlllped series element, the A BCD parameter mat rix ('qnation is, 

v, 
x 

J, [V] 

Where 

[ZseJ = Diag ( series impedance of each phase) 
[U] = identity matrix 

While for a shunt element, 

v, [V ] 
x 

I , [Y.,,] [V] 

Where 

[Y sh] = Diag( shunt admittance of each phase) 

v, 

- J, 

v, 

-J, 

8.5 Calculation of the Inductive Influence Profiles 

18] 

The procedure for the determination of the base set of induct ive influcnce profiles 
is given in Figure 8.2 . 

As the system is Unear, the inductive profile can be solved fo r each fr€'C[l1ency in de
p€'llcl€'ntly of all others. 

The first step towards the solution of the base inductive influence profiles for a given 
harmonic on the system is the entry of the ABC D matrices . At this stage the entire 
system of w elements can be represented by the equation 

v, v, 
= x 

J, - I , 
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Do for all frequent.ies 

H.ead in the A BCD matrices for all elements 

Cascade ABe D matrices so that the system between observation points is repre
sented by a single matrix 

Cascade ABe D matrices to give the system ABeD matrix 

Transform system ABeD matrix into an admittance matrix 

Do for the sending and receiving ends of the system 

Do for cach phase 

Form the terminal voltage injection vector 

Solve for the terminal currents 

Assemble the receiving end vector 

Solve for the equivalent phase. cu rrents at each observation point 

Caloliate all conductor c.urrents at each observation point 

Calculate the residual wrrent or the induc.tive field 

Store the residual current or inductive field profile 

End do 

End do 

End do 

Figure 8. 2. Solution of the Base Set of System Responses 

This equation frequently contains more information than required, so to reduce the 
volume of data ABeD matrices are cascaded so that t he system between neighbouring 
observation points is represented by a single matrix. These matrices are retained for 
later use, and cascaded to yield a single matrix for the entire system i.e. 

v, [Am] Em v, 
x 

I , -I, 

In general [A ml f- [DmlT for non-homogeneous systems. 
However, an equivalent mat rix equat ion in the form of ABC D parameters may 

not be t he most desirable answer as it will depend on the source to be injected and 
the response to be observe-d, i.e, voltages or currents. Thus a systematic way of 
transforming a particular transfer function into another is proposed next. The partial 
inversion algorithm (Shipley and Coleman, 1959) is cent ral to the present approach. 

For instance, for converting (8.5) into a nodal admittance matrix equation the 
following steps are needed, 

1. Intercha.nge block rows. 

I, v, 
x 

v, [A m] - I, 

2. Move the negative sign inside the matrix. 

I, [em] -[D ",j v, 
x 

v, [Am] -Em I, 
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:j. Partially invert the last block equat ion. 

f, Y;.2 Y;d V, 
x 

/, Y,,4 Y ... 1 V, 

4. Change the order of the block columns. 

/, Y"l YII 'l V, 
~ x 

/ , Y,.3 Y; ,4 V, 

With the formation of these matrices we now proceed with the solution of the syst€,1ll 
for a unit voltage injection into each phase, from ead} end of the link, with aU other 
injections set to zero. 

If a single profile was to be determined then the actual terminal conditions are 
inserted into the inject ion vector instead of each of the 2.k unit injection vectors, oth
erwise the method is unchanged. 

A direct solut ion for the sending and receiving end currents 1$ and IT is found by 
multiplying the system admitta.nce ma.trix and the injection vectol'. 

The vector of receiving end conditions 

I i I 
is then assembled and the equivalent phase currents and voltages calculate.d by multi
plying by each of the ABe D matrices from the receiving to the sending end . 

Ail conductor currents are calculated using the metho(l de:;cribed in section 8.:3.1.5, 
from which the residual Cllrrent In or inductive field Ell can be determined. The profiles 
of these quantities are retained for later lise, while the conductor r.urrents, ABCD and 
transformation matri ces are discarded. 

8.6 Calculation of the Total Inductive Field 

To determine the total inductive field it is np-cessary to solve for the total inductive 
influence for each harmonic using scaling and superposition of the hase results frolll 
section 8.5, and then to combine t he effect of all harlllonics. The algorithm is shown 
in Figure 8.3 . Implementation is simple and will not he expanded upon here. 

8.7 Efficient Calculation of the Cumulative Probability 
Distribution 

Cumulative probability distribu tions are a particularly useful means to present the 
interfering ability of a transmission system as the meal} and spread of the interferencf' 
can be assessed at a glance, and confidence limits on the interference fan he read 
directly from the graph. 

As the output from section 8.6 is raw data, it Illay be processed by the user into 
allY form using commonly available statistical analysis package's or custom softwan.' . 
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Do for each injected spectra 

Zero the vector of induc~ive influences at each observation point 

Do for each harmonic 

Zero t.he vector of single harmollic cont ributions at each observation point 

Do for the sending and receiving ends of the system 

Do for each phase 

Scale the base profile by the actual injection 

Add the resultant quantity to the. harmonic contribution for each ob
servation point 

End do 

End do 

Scale the single harmonic contribution by the frequency weighting factor if 
appropriate, square the result, and add to the inductive influence at each 
observation point 

End do 

Take the square root of the inductive influence at each observation point 

Output the total inductive influence prof tie for the injected spectra 

End do 

Figure 8.3. Calculation of the Total Inductive Influence 

8.8 Application to HVDe Link 

The algorithm was originally derived for the determination of the inductive influ
f;'llce of the New Zealand HVDC transmission system from long term measuremen ts 
of the harmonic. voltage spectra at the terminals. The link consists of 569.7 km of 
aerial transmission line, :39 .1 km of sub marine cable, harmonic. filters, surge capaci
tors, smoothing reactors and earth return elect rodes . Due to the use of five different 
line geometries, the wide variation ill the earth resistivity below the line and the need 
to observe standing waves at frequencies up to the 50'th harmonic, the line had to 
be partitioned into I L3 sect ions. The parameters for the aeria.l line alone occupied 8 
megabytes. 

Harmonic voltages of aU orders up to the 50'th were Illeasured at 3 minute intervals 
for a period of 12.5 days at the terminals and we re used in the program to determine 
the C-lllllulative probability distributions of the inductive influence, and the profile 6f 
the inductive influence along the link. 

The profile of the average equivalent disturbing current profile along the link is 
given in Figure 8.4. Figure ~.5 contains the cumulative probability distribution of the 
equivaJent disturhing current at the I3enmore tf'.rminal of the link. 

To confi rm the validity of the computer model simultaneous measurements of the 
injedf'(1 voltage at Bellmore and the resultant pole c.urrents were conducted at two sites 
,\'t distances of 12:3 and :190 kill from Beumore. In all cases the calculate.d 600 Hz pole 
currents (dominant harmonic. on the link) were wit hin .5% of those measured. Details 
of the experimental procedure and results are contained in Chapter 9. 

Given the suc.cess of the sim ple models discussed in this paper the authors believe 
that the use of more rigorous models is not warranted . AU existing models employ 
simplifying assumptions about the structure of the line, earth and electrical c.haracter
istics of the materials as the actual case of a finite length line above an inhomogeneous 
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earth is impossible to model in detail. T herefore there is no guarantee that existing 
rigorous models are more accurate than the ap proximate models as they share the same 
fundamental modelling assumptionfi . 

8.9 Conclusions 

An efficient algorithm for the assessme nt of the inductive influence of a transmission 
system has been presented . Superposition is employed to greatly reduce the computa
tion elfort required for repetitive studies, while the use of residual currents and induced 
fields for intermediate results reduces storage requirements. 

A transmission line model of general applicability in harmonic penetration and in
terference studies is employed in the algo rithm. III common with existing algorithms 
the proposed model indudes long line effects and frequency dependence representation . 
The maln feature distinguishing this algorithm is the incorporation of line disconti
nuities such as phase transpositions, line geomet ry or earth resistivity variations, and 
filters or static VAR compensation devices. 

It has also been shown that the com puting requi rements can be substantially re
duced, without loss of accuracy, by several novel simplifications of the ri!!:orolls fOfllm
lation of transmission line parameters, partirnlarly in the case of earth and conductor 
impedance calculation. As a result the proposed algorithm is extremely efficient and 
can be used economically in repetitive s~u(1ies. 
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CHAPTER 9 

INDUCTIVE INFLUENCE OF THE N Z HVDC LINK: 
EXPERIMENTAL STUDIES AND RESULTS 

9 .1 Introduction 

The proposal by Electricol'p to increase the capacity of the HVDe transmission sys
tem from 600 to 992 mega-watts would have resulted in increased telephone interference 
from the DC transmission line unless additional protection measures are taken. How
ever before the design of such protective devices conld be undertaken, an acceptable 
level of interference from the upgr<tded Hnk had to be established. 

The philosophy of Electricorp when specifying the performance of the upgraded 
link was that the illterference should be no greater than that frolll the existing system. 
Inter ference to communication services from the existing link was considered to be 
accC'.l)table, although problems did exist in SOUle rural areas. 

Unfortunately the interfering ability of the existing system was unknown. Therefore 
it study was undertaken by the University of Canterbury to determine the performance 
of the ex.isting link . 

The principal aims of this work were: 

• To provide a profile of the equivalent disturbing current along the line to identify 
regions of high interference . 

• To calculate the probability distribution of the disturbing current injected iuto 
the Une to determine a maximulll acceptable disturhing cu rrent . 

Two approaches to this proble.Ill we re possible. Either measure the disturbing cur
rents along the line over a long period of time, oj' predict the current using a computer 
model. The first option was impractical for a transmission system of this length as 
many observation sites would be required to observe the standing waves at harmonic 
frequencies.- Therefore a program of computer simulations was devised, complemented 
by a. series of ex periments to establish the validity of the models use<l. 

This report describes the experimental and computational methods used to deter
mille the interfering ability of the existing link, and presents the results of these studies 
in a form suitable for spec.ifying the performance of DC filters. 

9.2 Field Experiments: D es ign and Implementation 

The aim of the experiments was to confirm the validity of the compllter mo<it:'ls, and 
to provide data for use in the models. Two experiments were devised for confirming 
the va.lidity of the computer models, while two other experimt:'nts we.re condu('ted to 
prov ide data for the models. 

The first experiment, known as the Line Tuningexperiment, was designed to confirm 
the a('.Cllral·y of the model for the entire transmission system by comparing calculated 
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conductor currents in the transmission line with measured values . Any differences be
tween the computed and measured values were reduced by scaling the earth resistiv ities 
tinder the transmission tines in the model. 

The T€8t Line experiment was intended to confirm the accuracy of the power
tel .. phollC coupling lllodeJs. This involved the comparison of calculated and measured 
voltages induced in a length of cable laid parallel to the t ransmission line. 

Measurements of the earth resis tivity were conducted in the Earth Parameter ex
periments for use in the power-telephone coupling models. 

The last experime.nt comprised the measurement of the DC side harmonics of a 
COIlVE'rtor for a period in excess of one week. The purpose of this Long Term Harmonic 
Voltage experiment was to provide a data hase of typical harmonic spectra, to be used 
in the wmp"tN model for determining the avera.ge disturbing eurrent profile on the 
link. 

9.2.1 Experimental Procedures 

The next four sub-sections describe experimental procedures for each of the fo ur 
experiments. 

9.2.1.1 Line T uning Experiment 

To determine the harmonic currents on a DC transmission line it is necessary to 
know the harmonic injections at both ends of the link. Unfortunately the harmonic 
injections vary significantly with t ime, therefore it is necessary to measure the injections 
at the same time as the line currents. 

In the case of the New Zealand HYDe system, this problem is simplified by the 
presence of the Cook Strait cable. The high shunt admittance of the cable at harmonic 
frequencies may be considered to effectively decouple the north and sOllth island sections 
of the link. As a consequence it is only necessary to consider, as a first approximation, 
current flow due to an injection from the convertor on the same side of Cook Strait as 
the observation point. 

As the transmission system is longer tha,n one wavelength for high order harmonics, 
standing waves of current will occur on the link. To confirm the existence of these 
waves it was decided to measure the line currents at two points on the transmission 
tine. Due to equipment limitations t he line currents at the two sites could not he 
measured simultaneously, Therefore on one day simultaneous measurements of the 
Beumore wnvertor voltage and the line currents were taken at the first site, with the 
procedure repeated for the second site. at a latter date , 

The line current measllTement sites were located hundreds of kilometres from the 
convertor. Due to the mountainous nature of the terrain between the convertor and 
the field sites it was not possible to establish direct communication between the mea
suring instruments. Synchronising of the instruments was achieved by prearranging 
the sampling time, with the clocks in the inst ruments synchronised to the time signals 
broadcast by Radio NI;'w Zealand. Thl;' harmonic analyzers were controlled by IBM 
personal {'OllIj>uters, programmed to sample each' harmonic fifteen times, starting at 
zero seconds, Fifteen samples was the maximum number of sa.mples that the instru
ments could measure in fifty seconds. By averaging the samples, errors due to pOOl' 
sYllchronisation are reduced. All harmonic orders from one to fifty inclusive were sam
pled with the results stored on machine readable media for analysis, Further details of 
the experimental apparatus are contained in Sect ion 9.2.3. 

T he first line tuning experiment was conducted at the Peel Forest field site in 
conjullction with Bellmore on the 22nd of February 1988. Two further experiments 
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were undertaken at the Isolated Flat fie ld site in conjunction with Benmore at 11 ::30 
and 19:30 on the 24th of February 1988. 

9.2.1.2 Test Line Experiment 

To confirm the validity of the power-telephone coupling models it was necessary to 
simultaneously measure the currents in the transmission line and the resultant induced 
voltage ill a neighbouring cable. As the electric fiel d induced by the line currents was 
small, c.are must be taken to ensure that external influence.s do not si~nificantly effect 
the results. Consequently great care must be taken when selecting the experiment site. 
De tails of the these requirements and the si tes used are contained in Section 9.2.2. 

The test cable was laid on the surface of the ear th, parallel to the transmission 
line, a,t separations of between ten and one thousand met rC's. Measurements of the 
line currents and the induced cable voltage were taken at each selected harmonic. The 
harmonic orders measured were determined by the dynamic range of the analyzer. 
Many harmonics were so small that they were not worth measuring. Each harmonic 
was sampled for a period of thirty seconds, and the results averaged to reduce errors 
due to poor synchronisat ion. A UHF radio was used to communicate hetween the 
measuring sites, with the initiation of a. measurement started on a. verhal command. 
Further details of the equipment used are contained in Sect ion 9.2.3.2 a.nd Section 
9.2.3.3. 

Test line experiments were conducted at the field sites on the 2211d and 24th of 
February res pectively. 

9.2.1.3 Long Term Harmonic Voltage Monitoring 

The long term harmonic voltage monitoring experiment was conducted at Benmore 
for a period of twelve and olle half days start ing on the 2,i)th of Fehruary 19R8. 

Single measurements of the voltage on both voles of the cO llvertor for each harmonic 
order from one to fifty inclusive were. reco rded. A measurement cycle of a single sample 
of each harmonic took approximately two and a half minutes, with the next cycle 
sta.rted at the following zero second time. The harmonic analyzer was controlle<l by 
an IBM personal computer , which recorded the data with a ti me stamp Oil machin€' 
readable media. 

A copy of the Benmore station log for the duration of the experiment was also 
obtained so that measurements taken during perio(ls of atypical convertor operation 
could be excluded. 

Details of the harmonic voltage measuring equipment are contained in Section 
9.2.3. \. 

9.2.1.4 Earth Resistivity Experiment 

Details of the earth resistivity were required at the. field sites for lise in the computer 
programs that calculate the line currents, and the induced voltages in neighhouring 
cables. 

The earth resistivity was measured at two locations at the Peel Forest and Isolated 
Flat sites. One set of readings was obtained at a distance of fifty metres from the line, 
while a second was obtained for a separation of five hundred metres. A profile of the 
apparent earth resist ivities to depths of one hundred metres was calculated. 
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9.2.2 Select ion of Experiment Sites 

The computer models used to represent transmission lines include lIlany simplifying 
assumptions that limit the accuracy with which the computer model can match reality. 
Transmission line models assume that the transmission line is perfectly straight, that 
the conductors are parallel to the earth, and that the earth can be represented by an 
infinite plane slll-face comprising several horizontal laye.rs of homogeneous earth . In 
addition to these assumptions the electromagnetic induction program ignores the effect 
of other structures and external sources which would disrupt the fields around the test 
line. For these reasons care must be taken to select an experimental site which fits as 
closely as possible to th~ mathematical model to determine the accuracy of the models. 

Th", reqnirements for the field e.xperiment site may be summarized as follows . 

1. The transmission line should be straight and uniform. 

2. The terrain should be flat for the test line experiments. 

:3. There sholtld be no other interfering sources in the vicinity. 

4. Periodically grounded structures such as metal post fences, and irrigation channels 
which could ~hield the t-est line should he avoided. . 

G. The two sites selected should be sufficiently far apart to observe standing waves 
of current on the line. 

6. COllllllunication to the Bellmore was required . 

The two sites which satisfied these requirements were Peel Forest, and Isolated Flat. 
These sites are discussed in greater detail below. 

In addition to the field sites, a site at one of the convertor stations was required 
for the harmonic voltage measurements. The selection of Benmore as the site for these 
measurements is discussed below. 

9.2.2.1 Benmore Convertor 

The Bellmore convertor was selected as t he site for the harmonic voltage mea
stlrements as the transmission line to which it is connected is electrically long, and 
therefore standing waves would occur . Selection of the convertor station as a test site 
also enabled the lise of existing services snch as power supplies, voltage transducers, 
and station personnel for the experiment. 

9.2.2.2 Peel Forest 

The Peel Forest test site was located midspan, between towers 361 and 362. There 
ar(' 1:2:3 kilometres of transmission line between this site ao <l Benmore. 

The experiment site was located in a paddock, on a semi-intensive sheep fartn . In 
this region the transmission line is approximately three kilometres from the foothills, 
and two kilometres from the Rangitata river . The terrain in this area is fiat, being part 
of a river plain, and is very rocky and prone to drought in SUlllmer. Many fences cro.ssed 
the experiment ar('a which extended from the mid-span position in a south-easterly 
ciiredion for aile kilometre. Most of these fences were of wooden post construction, and 
would not therefore influence the test line or earth resistivity experiments. However 
care was taken to avoid the fences as IIllich as possible. A eleven kilo-volt distribution 
line was located located half a kilometre from the HVDe transmission line, on the 
opposite side to that used fo !" the test line experiments. Preliminary tests at the one 
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kilometre test line site indicated that the HYD e transmission line was the dominant 
noise sOltrce. 

9.2.2.3 Isolated Flat 

The Isolated Fla.t test site was approximately 390 kilometres from Benmore, between 
towers 1135 and 1136. 

The experiment site was located on Molesworth station, an extensive heef fanu . 
Isolated flat is part of a long river valley, composed of out· wash from the surrounding 
hills. Near the. hills the ground was practically devoid of soil, resulting in extremely 
high surface resistivities. However the main experiment site \lll<ier the line was near a 
spring. There were no fences or other transmission lines near the experiment site, and 
therefore it was electrically very quiet. 

9 .2.3 Equipment Requirements 

To perform the fom experiments, four sets of equipment were required. 
A DC voltage measurement system was required at Ben more for the Line Tuning 

and Long Term Harmonic Voltage Monitoring experiments . 
Line current measuring equipment was needed for the Li ne Tuning, and the Test 

Line experiments at the field sites . 
Also required for the test line experiment was an induced cable voltage measuring 

system at the field sites . 
A resistivity set was necessary to determine the conductivity of the earth. 
Each of these items, and additional support equipment are discussed in the following 

sub·sections. 

9.2.3.1 DC Voltage Harmonic Measurement 

The DC harmonic voltage measuring equipment was required to si multaneously 
measure the l~lagnitude of the harmonics on outer poles of groups 1 an <1 4, and tbe 
phase angle between the voltages . 

Transducers 

Existing resistive voltage dividers A62·79 on groups 1 and 4 were used to measnre 
the harmonic voltages . These dividers are located between the wall bushings and the 
smoothing reactor, and measure the pole voltage with respect to the station grouTI<1. 
Capacitive voltage dividers in the wall bushings a.re normally connected in parallel with 
the resistive <lividers, but were disconnected for the harmoni('. measurements. 

An additional adjustable resistive divider was connected to the output of the pri
mary dividers. This devic~ removed the DC component and reduced the signal to a 
level compatible with a fibre optic transmission system used to convey the signals from 
the. DC switchyard to the spectrum analyzer. The secondary dividers were adjusted so 
that signal into the analyzer was reaching one hundred percent of the rated input, to 
minimise the effect of the limited dynamic range of the analyzer. On completion of the 
experiments. the secondary dividers, fibre optic transmiss ion system, and harmonic an· 
alyzers were calibrated. It was not possible to calibrate the primary resistive divi<lers, 
therefore man~facturers data was used to predict the response of these dividers when 
loaded. 
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Instrume ntation 

A two channel spectrum analyzer was requ ired to measure the voltage harmonics . 
As described previously the harmonic voltage measu rements were taken in synchroni
sation with line current measurements during the Line Tuning experiment, and con
tinuously during the Long Term HarmOtlic Voltage Measuring Experiment. To achieve 
these goals a fully automated system was required. This was implemented by using an 
LBM personal computer to control and store the measurements taken by a Wandel and 
Goltennann NOWA-l harmonic analyze r. 

The principal limitations of this measurement system were the slow data acquisition 
rate, and the poor resolution of the NOWA-l. When measuring voltage magnitudes 
and phase of a single harmonic on both channels, the sampling rate was only one 
sample every thre.e seconds. Resolution of t he samples was limited to'one miJli-volt 
for a maximum permissible input of one volt, while the phase angle resol ution was one 
degree. The error limits for the NOWA·l are 1.5frequencies below 1 kilo-her tz with an 
additional error of 3 degrees for higher frequencies . A further phase error may occur 
when the magnitude of the input signals is small. 

Control of the NOWA-J was affected by an IB M personal computer. Data acqui
sition was controlled 'by the computers clock. An operator was required to set the 
starting lime, and to transfer data from the hard disk. However no ot,her assistance 
was required. The sampling strategies used for the Line Tuning and Long Term Har· 
monic monitoring experiments were discussed in Section 9.2 .1.1 and Section 9.2.1.3 
respectively. 

The instruments were located in the convertor control room . A fundamental fre
qnency reference was required for the harmonic analyzer, this was obtained from a 400 
volt signal derived from the convertor su pply in one of the controller cabinets. 

Direct communications to the field sites was not possible. However indirect com
llI\lnications was established by telephone and V HF radio . 

9.2.3 .2 Line C urre nt Meas ureme nt 

Line current measurements were required fol' the Line Tuning and Test Line expe r
iments. 

A non-contact method was desired for measuring the currents as it could be itlstalled 
quickly, and without having to shut down the Link . As there were no systems of this 
type available locally, a custom system was designed and built by the University of 
C'Ulterbury. The design and testing of the li ne current measuring equipment is discussed 
in the following sections. 

Transd uce rs 

It is possible to solve explicitly for all curr",nts in a llluiticonductor transm.ission line 
if the equivalent phase currellts and the primi tive series im pedance matrix are known 
( see Section 9.3.1 ). Therefore if the series impedance matrix is know n, then it is only 
necessary to take sufficient measurements to uniquely determi ne the equivalent phase 
currents to determine all conductor currents in the system. For an N phase system, N 
independent readings are required to solve for the N equivalent phase c'urre nts. Thus 
in the case of the HVDe transmission only two independent readings are required to 
uniquely determine all conductor curren ts. 

Sensing of the harmonic currents on each of the poles was achieved by using air 
cored loop antenna to measure the magnetic field. The loop antennae were located 
at the apex of an right angled triangle .[n this way the null of the loop reduced the 
unwanted signal due to the other pole . 
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The loop antenna consisted of one hundred turns of wire wound on a square wooden 
former with sides one metre long. A conducting sheath was wound around the coils 
to provide electrostatic shielding. Each coil w:ts centre-tapped, with the centre t:tp 
connected to ground. The ends of the coil were connected to a high COIllmon mode 
rejection ratio, low noise preamplifier. 

The preamplifier provided calibrated gain settings from ten to one thousand. An 
attenuator was used after the preamplifier to provide gain control when the amplifier 
was in use. Theoretically the loop antenna and preamplifiers were c:tpable of detecting 
one milll-amJl of fifty hertz current flow on a pole conductor . 

Accurate positioning of the loop antenna was very important as the sensitivity of the 
antenna is dependant on position. The loop antenna and preamplifiers were Illounte(l 
on a telescopic mast. The mast was located on the tower centre-line, at the mid-span 
position. This position was used as the conductors are low and horizontal at this point. 
A theodolite was used to measure the height of the conductors, and the mast was then 
raised so that the centre of the loop antenna formed a right angled triangle with the 
bundle centres of the pole conductors. Adjustments were made during the course of 
the day as the temperature, and therefore the height of the conductors varied . 

Calibration tests on the loop antennae were conducted in the laboratory before and 
after the field experiments. A reference loop antenna was used in the calibration tests 
to generate a known field. The,output voltage of the preamplifiers was measured using 
an Hewlet t Packard 3561A signal analyzer instead of NOWA-l, in all other respects the 
system tested was identical to that used in the field. Unfortunately the tests revealed 
that one of the antennae had become faulty between the two calibration tests, possibly 
during the field experiments. It was also discove red that the NOWA-l analyzers have 
a high input capacitance which wouhl load the output of the at tenuator. The effect 
of this additional loading has been predicted using the known circuit for the devices. 
All measurements taken using the antennae have been processed assuming that the 
antenna were faulty and working. 

Instrum e ntation 

A NOWA-l harmonic analyzer under control of an IBM personal computer was 
used to measure the harmonic voltages. 

A fifty hertz signal was required by the harmonic analyzer for determining the 
sampling rate. However preliminary studies indicated that the fifty hertz current 0 11 

the pole conductors varied significantly with time, and was unsuitable for u~e as a 
triggering source. This observation is not surprising as fifty hertz is an uncharacteristic 
harmonic, and therefore its magnitude will vary sign ificantly with time as the factors 
which produce it change. The most stable harmonic current 011 the transmission line is 
the twelfth, as it is the fundamental fo r the convertor. Therefo re a phase-locked loop 
was designed to track the twelfth harmonic. The output of the filter was divided by 
twelve to produce a stable fifty hertz trigger signal. 

9.2.3.3 Induced Cable Voltage Measurement 

The major method used for telephone reticulation in rural New Zealand is buried 
plastic unshielded cable. The purpose of the test line experim~nt was to confirm the 
accuracy of the models Ilsed to predict coupling to buried cables. 
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Transducer 

A olle hundred metre length of URM67 coaxial cable was used to detect the induced 
voltages for the Test Line experiments. The cable was laid on the surface of the earth 
parallE'l to the transmission line. Both the inner and outer conductor were grounded 
at one ('nd of the cable, with a preamplifier connected between the inner condu ctor 
and ground at the other. The outer conductor was earthed at only one point so that 
it would act as all electrostatic shield, simulating the conditions fo r a shallowly buried 
cable. Earth connections were made using fifteen centimetre steel stakes driven into 
the ground. 

The test line cable sites were surveyed (l,t separat ions of ten, twenty, fifty, one 
hundred, two hundred, five hundred and one thousand metres from the ljne. All cable 
sites were located on a line perpendicular to the transmission line, whkh passed through 
the line current measuring site. T he line cunent measuring equjpment would therefore 
be measuring the currents at those parts of the conductors closest to the test line. 

Ins trume ntat ion 

A pl'€'amplifier and single channel spectrulll analyze r were required fol' measuring 
the induced voltages in the cable. 

A YEW type 31;1l DC amplifier was used to amplify the cable voltages. This device 
can provide calibrated gains of between one and ten thousand . The main advantage of 
this instrument is its very high input impedance of ten mega-ohms. A high input im
pedance device reduces the effect of poor ground connections on the measllred voltage, 
although it does make the results more slIsceptible to error due to coupling by means 
of the electric field. 

A Hewlett Packard 3561A dynamic. signal analyzer was used to measure the out
put voltage from the preamplifier. This instrument has built in averaging functions, 
therefore it was not necessary to store the raw data on computer for latter processing. 
The analyzer was set up to sample the input continuously for a period of thirty sec
onds, and to calculate either the time or RMS average of the samples for the selected 
hantlOtlic. The. NOWA-l analyzer at the line current test site was set up to take ten 
samples during the same. thirty second period. Synchronisation of the. two analyzers 
was achieved by verbal command over a UHF radio link. 

An external signal was required for triggering the analyzer when time av~raging the 
samples. This signal was derived from the twelfth harmonic signal frolll the output of 
tbe preamplifier using the phase-locked loop system described in Section 9.2.3.2 . 

9.2.3.4 E arth R es istiv ity M easurement 

Earth resistivity data to a depth of one hundred metres was required to forlll a 
three layer model for computer model of the test line experiment, and for determining 
all conductor currents from the loop antenna voltages. 

Instrume ntat ion 

An expct.tlding Wenner method was used to measure the earth resistivity. Care was 
take when performing these tests to avoid long earthed structures, such as fences and 
the pylons, which would effect the results. 
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9.2.3.5 P ower Supplies 

Power fo r the instruments at the field sites was generated hy a portable alternator. 
The output of the alternator was fed to an invertor operating at fifty five hertz. This 
technique was used to reduce interfe rence from the local supplies. To further reduce 
this problem the alternato r and inver tor were located fifty metres from the experiment 
sites, with the connecting cable run at right angles to those used for the Test Line 
experiments. Preliminary tests at the one kilometre test line site indicated that the 
noise due to the instrument supply was well below that due to the DC transmission 
line. The bandwidth of the analyzer was sufficient to distinguish the fifty hertz DC line 
current frolll the fifty five hertz supply current. 

Instnllllents at the Benmore convertor station were powered from the station supply. 

9.3 Computer Simulations : Algorithms 
and Mode ls 

Computer programs were required to perform the following tasks: 

1. Calculate the conductor currents in the transmission line. 

2. P redict the voltage indu.ced in the Test Line. 

3. Determine the disturbing current profLle along the ent ire link. 

Several computer programs were written to achieve these goals. Details of the 
algorithms and models used in these programs are given helow. 

9 .3 .1 D et erminat ion of t he Line C urre nts from Field 
Measurements 

The loop anten nae used to sense the line currents do not output a voltage de pen
dant solely on the pole that they are directed at. Current flow in the other pole, the 
earth wire) and the ear th itself all infl uence the measured voltage. If the geometry 
of the tra.nsmission line, loop antennae, and the earth resistivity are known, then an 
equation can be formed for each loop output voltage in terms of the conductor currents 
and mutual impedances. However the currents in the conductors cannot be uniquely 
determined from this system of equations as the number of unknown quantities ( the 
conductor currents) exceeds the number of known quantit ies ( the loop antenna volt
ages ). 

Current flow in a transmission line is constrained by the mutual and self impedances 
of the conductors. If these constraints and interrelationships are known, then it is 
possible to solve fo r all currents in the transmission Line given the equivalent phase 
currents. ( The equivalent phase current is the vector sum of all currents in the sllb
conductors connected to that phase. ) This is achieved in practice by manipulating the 
primitive series impedance matrix , which ex presses the voltage drop per unit length due 
to current flow in the conductors. Using the assum ptions th~t the series voltage ~tJ'op in 
bundled conductors is identical, and that the series voltage drop ill an earth wire is zero, 
a system of equations can be formed which expresses all conductors clll'rents ill tenus 
of the equivalent phase currents. The assumptions made are those used in transmission 
line parameter progra.ms when reducing matrices to equivalent phase parameters. These 
assumptions are valid at frequencies of interest for telephone interference studies . 

The problem of determining the conductor currents from the loop antenna voltages 
lllay now be solved by combining the system of equations relating the loop antenna 
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voltages to the conductor currents, with the equations expressing the conductor currents 
in terms of the equivalent phase currents . The resultant system relating the loop 
voltages to the equivalent phase currents may be solved directly. FinaUy all conductor 
currents cau be found from the equivalent phase currents. 

The accuracy of this method is dependant on the accuracy of the primitive series 
impedance matrix. This matrix is formed by a transmission Jjne parameter program, 
and is discussed in greater detail in Section 9.3.4.1. To form this matrix details of the 
line geometry, conductor type, and earth resistivity are required. The liue geometry 
ami earth resistivity were measured at the experiment sites to reduce errors . A three 
layer earth model was used when calculating earth return impedances. 

Measured transducer characteristics were used in the program to correct for differ
ences between the ideal and actual responses. 

The major modelling crror ill this method is the representation of the earth wire. 
The earth wire is assumed to he perfectly grounded at each pylon. In a discussion 
with C Campbell ( technician, Addington Test Room, Electricorp ) it was stated that 
during tests on two towers of the DC transmission li ne it was discovered that the earth 
wire was effectively insulated from the pylon at low voltages due to corros ion. The 
computer model also ignores the footing resistance of the towers . Ideally the effect of 
these discrepanciel; will be small as very litt le Cllrrent flows through the pylons on a 
long, uniform line. However furthe r tests should be conducted to confirm the validity 
of this mode\. 

9.3.2 Predicting the Test Line Voltages 

Predictions of the test line voltages were made by forming the sum over all conduc
tors, of the products of the conductor current and the mutual impedance between the 
t('st line and the conductor . The conductor currents were determined using the method 
described in section 3.1 . Mutual impedance calculations being made using measured 
earth I'esisti vity data in a three layer earth model. 

The result of these calculations is the electric field at the site of the test line, assum
inp; that the inducing line is infinitely long. This result must be corrected to account 
for the finite length of the test cable, the resistance of the ground connections, and 
the loading effe(t of the preamplifier. The cable was modelled by a uniform transmis+ 
sion line with a distributed source emf representing the field induced by the harmonic 
currents. Electrical parameters of the test line were calculated using Foster's mutual 
impedance formula for finite line wnducto rs Oll the surface of the earth. The resistance 
of the earth re.turn path was represented in two ways. In the "lumped" model the reo 
sistance between the earth stakes was halved, and the cable modelled as a transmission 
lille connected to ground at the ends via th is "lumped" resistance. A "distributed" 
model was also formed, in which the earth resistance was assumed to be uniformly 
distributed along the line, with ideal gronnd connections at the ends. This results in a 
higher attenuation te rm in the propagation factor for the test line. In reality the cable 
should be modelled using a non-uniform model incorporating concepts from both the 
distributed and lumped models. 

Both the distributed and lumped models were used to predict the input voltage to 
the preamplifier as a function of earth resistivity. The earth coilllections will only ef· 
feet the test line output voltage for earth resistivities above oue thousand ohm-metres. 
Measured surface resistivities at the test sites ranged from five hundred to forty thou
sand ohm-metres. Therefore the ground conllections could be expected to reduce the 
measured voltage. 
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9.3.3 Predicting the Disturbing Ability of the Link 

The algorithm for the calculation of the disturbing ability of the HYDe link has 
been described in Chapter 8. 

9.3.4 Computer Models 

The accuracy of the model used is dependant mainly on the models used to represent 
the elements of the transmission system . Details of the models used are contained in 
the following sections. 

9.3.4.1 Transmission Lines 

The major factor influencing the accuracy of the transm..ission line models is the 
electrical characteristics of the earth, as the characteristics of the conductors are known. 
Four models of the earth are available within the transmission line parameter program . 
Two of the models are based on Carson's equation, the third uses Duban ton's complex 
penetration model, and t he fourth is a three layer model that includes the permeabiUty 
and permittivity of each layer in addition to the resistivity. 

Resistivity data provided by the DSrR has been used in the earth return models. 
Where a range of earth resistivities was provided, a value has heen calc.ulate<\ frolll the 
extreme values by interpolation. A scale factor was used in this interpolation process 
to specify the weightings applied to each extreme value. In this way the transmission 
system model could be optimised to fit measured data by adjust ing a single parameter. 

For the majority of the computer simulations a single layer earth model has heen 
used, as it was discovered that the results were relatively insensitive to earth resist ivity 
variations, and the three layer model is computationally expensive. The three layer 
model has been used for calculating the parameters of the Une at the test sites where 
the structure of the earth was measured. Carson's equation was used to calculate the 
earth return parameters for a single layer earth, with the earth resistivity of the bottom 
layer prov ided by the DSIR llsed in the model. 

The skin effect, bundling of sub-conductors, and earth wires are all modelle<\ within 
the program using established techniques. Long line effects aTe included in the modE'\. 
The program has been verified by comparison with the University of British Columbia 
Line Constants program. 

Earth resistivity data was provided along the entire length of the line. The line has 
been broken into sections no greater than ten kilometres long to observe the standillg 
waves. Most of the section breaks occur at points were the earth resistivity c.hanges. 

9.3.4.2 Smoothing Reactors 

The smoothing reactors were modelled as a 0.8 henry inductor in series with a 0.:32 
ohm resistor representing the copper losses. A 3.0 nano-farad capacitor is connecte<l 
in parallel with the reactor to account for inter-turn capacitance. This capacitance 
is a typical figure for other convertor installations, and may not be accurate. for the 
New Zealand system . The capacitance wa..<; included as the smoothing reactor is tile 
major item of plant limiting harmonic c.urrent flow on the link. Therefore a small shunt 
conductance across the reactor ·could increase curre.nt flow in the link due to the high 
voltage drop across the reactor. Tests indicated that the capacitance has little effect 
however. 
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9 .3.4 .3 S urge Capacitors 

Surge capacitors of 0.9 micro-farads are installed on each pole at Benmore. Ca
pacitors of 25.0 micro-farads at Benmore, and 100.0 micro-farads at Haywanls, are 
connected between neutral and station ground . All of these components are modelled 
as ideal capacitors. The impedance of the station grounds was not known, and has 
not been modelled. This should not introduce a significant error as impedance of the 
gr9uJld connection is low in relation to other elements. 

9. 3 .4.4 Line Trap s 

LinE' tral>s are installed in the DC switchyard, at the ca.rrier injection points, and 
at fighting hay. They are modelled as 1.05 milli-henry inductors. 

9.3 .4. 5 G round E lect r o d es 

A 0.22 ohm resistor is used to represent the Bellmore land electrode, while the sea 
ekctrode is modelled by a 0.265 ohm resistor. The parameters of the electrode lines 
were calculated using the transmission line parameter program. [t is assumed that 
the link is operating in bipolar mode, and therefore the sea electrode is disconnected. 
However as th(' electrode line is located on the same towers as the pole conductors, 
tllere is coupling between the pole conductors and the elect rode line, and therefore it 
lllllst he modelled. 

9.3.4.6 Hig h Freque ncy C apacitor a nd Damping Filter 

A high frequency capacitor of 0.1 micro-farads is installed at Benmore. At Haywards 
this capacitor is split into a hanging part of 1.1 micro farads and a standing part of 5.0 
micro-farads. The standing capacitor is t uned by a 14.0 mini-henry inductor to fo rm 
a 600 hertz blocking filter . A resistor is included in the model of the blocking filter to 
dampen the response. 

9.3.4.7 C oo k St ra it Cables 

The parameters of the Cook Strai t cables were calculated using a program developed 
by the University of British Columbia. 

9 .3.4.8 C onver tors 

The convertors are represente.d by ideal voltage sources. An additional constraint 
on the convertor model is that the sum of the C.;lrrents into the convertor must be zero . 
This constraint is necessary to solve the system as the neutral voltage is unknown. 

9.4 R esults 

The results of the experimen tal measurement~ and computer simulations are 1>1"('

scnted and compared in the following sections. 

9.4.1 Eart h R esist ivity Experiments 

Earth resistivity measurements were conducted at the Peel Forest and Isolated Flat 
test sites. Measurements were taken near the line, and approximately half a kilometre 
from the line. From these measurements a profile of the effective earth resistivity to a 
depth of one hundred metres was obtained. The effective earth resistivity profile was 
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decomposed into a three layer earth model for the computer studies. Details of these 
models are given below. 

Location: 
Top Layer: 
Middle layer: 

Peel Forest, below the transmission line. 
12500 ohm-metre 4.0 metres thick 
6500 ohm-metre 10.0 metres thick 

Bottom layer : 380 ohm-metre 

Location: 
Top layer: 
Middle layer: 
Bottom layer: 

Location: 
Top layer: 
Middle layer: 
Bottom layer 

Location: 
Top layer: 
Middle layer: 

Peel Forest, 700 metres froUl the transmission line. 
12100 ohm-metre 4.5 metres thick 
2ROO ohm-me.tre 13.5 metres thick 
460 ohm-metre 

Isolated Flat, below the transmission line. 
500 ohm-metre 6.5 metres t hick 
240 ohm-metre 53.,) metres thick 
300 ohm-metre 

Isolated Flat, 500 metres from the transmission line. 
40600 ohm-metre 4.0 metres truck 
360 ohlll-llIetr~ 10.0 metres thick 

Bottom layer: 940 ohm-metre 

The results for the Peel Forest test site are reasonably consistent between the two 
locations. However this is not the case for the Isolated Flat tests. Ground conditions 
varied significantly at the Isolated Flat test site. The moisture content of the soil was 
high under the line due to a sp ring, but at distances greater than one hundred metres 
from the Line there was practically no moisture at the surface, and very little soil. 
DiHiculties were encountered performing the experiments a.t Peel Forest and Isolated 
Flat due to the high surface resistivities. The measurements taken at Isolated Flat 
varied significantly, and often in an incons istent manner, therefore the accnracy of the 
resul t s at large depths is poor. 

9.4.1.1 Line Tuning Experiments 

The aim of the experiments was to tune the computer model hy comparing the line 
currents measured with the loop antennae) to those predicted using a model of the link 
and measured voltage injections. Tuning of the computer model by adjustment of the 
earth resistivity would then be performed to minimize the error . 

The raw data from e.ach experiment consisted of fifteen measurements of the phase 
and magnitude of the convertor and loop antennae output voltages for each har lll onic. 

To calculate the line currents from the convertor voltage spectra, the measurements 
were scaled by the inverse transfer function of measuring system and injected at Ben
more. The system was then solved for the. equivalent phase currents at the test site. 
This procedure was repeated for each injection, and the results averaged . Voltage spec
tra measured at the Bemnore c.onvertor were injected at the Haywards end of the model 
to est imate the effect of a north island injection on current flow in the south islatH1. 

Equivalent phase currents were determined from the loop antennae voltages by 
scaling the measurements by the inverse of the transducer characteristics and applying 
the method described in Section 9.3.1. 

Three experiments were performed, one at Peel Forest and two at Isolated Flat. 
Average twelfth harmonic equivalent phase Cllfrents for each of these tests arc listed 
below. 
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Peel Forest 
Measured phase currents 
Pole 1 : 9.304 Aml>S 
Pole 4 : 9.674 Amps 
Phase angle between poles: 3.729 radians 
Calculated phase cnrrents for an inject ion at Benmore 
Pole 1 : 8.984 Amps 
Pole 4 : 9.100 Amps 
Phase angle betwe.en poles: 3.087 radians 
Calculated pbase currents fOI" an injection at Haywards 
Pole I : 1. 7:39 Amps 
Pole 4: 1.728 Amps 
Phase angle between poles: :U:l9 radians 
Total calculated cmrent 
Pole 1 : 
Pole 4 : 

9. LI) 1 Amps 98% of measured value 
9.263 Amps 96% of measured value 

First Isolated Flat experiment 
Measured phase currents 
Pol(' 1 : 4.914 Amps 
Pole 4 : 4.798.Amps 
P hase angle between poles: :1.43 1 radians 
Calc.ulated phase currents for an injection at Benmore 
Pole 1 : 4.496 Amps 
Pole 4 : 4.920 Amps 
Pbase angle between poles: 2.996 radians 
Calculated phase CUl"rents for an injection at Haywards 
Pole 1 : 1.180 Amps 
Pole 4 : 1.094 Amps 
Phase angle between poles : 3.210 radians 
Total calculated curl"ent 
Pole 1 : 
Pole 4 : 

4.6'18 Amps 95% of measured value 
5.040 Amps 103% of measured va.lue 

Second Isolated Flat experiment 
Measured phase currents 
Pole 1 : 4.850 Amps 
Pole 4 : 4.979 Amps 
Phase angle between poles: :3 .199 radians 
C'Lklllated phase c.nrrents for an injection at Benmore 
Pole 1 : 4.745 Amps 
Pole 4 : 5.005 Amps 
Phase angie hetween poles: 3.1 07 radians 
Calculated phase currents for an injection at Haywards 
Pole 1 : 1.204 Amps 
Pole 4 : 1.153 Amps 
Phase an~le between poles: 3.165 radians 
Total calculated current 
Pole 1 : 
Pole 4 : 

4.895 Amps 101% of measured value 
5.136 AlIlps.103% of measured value 

Only the twelfth harmonic c.urrent has been considered here, as all other harmonic 



9.4. RESULTS 201 

voltages measured hy the loop antenna were less than five percent of the twelfth. There
fore the accuracy of measurements at other frequencies was be poor dlle to the low 
resolution of the NOWA-I harmonic analyzer. 

A single layer earth model was used in the compnter model for the transmission 
line. The earth resistivities lIsed in this model were half way between the extremes 
estimated for the bottom earth layer hy the DS[H.. Measured earth resistivities were 
used in a three layer model at the experiment sites. 

The total calculated current was formed hy taking the square root of the sum of 
the squared currents due to each injection. This averaging method is llse<l a.s the north 
and south island power systems are not freqnency locked . Consequently the phase 
of the harmonics will vary continuously with time. Measurements were made over a 
period of forty five seconds, therefore the phase between the currents should bave varied 
sufficiently to consider it to be randomly distribnted. 

The results indicate that an injection at Haywards can cause significant current flow 
in the south island. However as the harmonic voltages were not measured at Haywards, 
the magnitude of these currents could differ significantly from those calculated above. 
Consequently tuning of the computer model was abandoned as small variations in the 
calculated currents with earth resistivity are swamped by the uncertainty in the current 
flow due to the injection at Haywards. Preliminary tests indicated that the current flow 
on the link was relatively insensitive to earth resistivity. 

In general the agreement between the magnitudes of the measured and compute<\ 
phase currents is good. All calculated currents are within six percent of the measlHE'd 
values. However there is a larger difference between the phase angles. The measured 
phase angles are often larger than those calculated, suggesting that there is a larger 
component of zero sequence current flowing in the line than the model predicts. This 
difference is discussed in the following section. 

9.4.2 Test Line Experiments 

The test line experiment was designed to confirm the validity of the power-telephone 
coupling mo(lets. However it also serves as a further check on the validity of the entire 
transmission line model by mea..<;uring the residual current on the transmission line. 

Test line experiments were conducted at the Peel Forest and Isolated Flat sites . 
The raw data from the experiment consisted of ten measurements of the output 

voltage from the loop antennae, and the average voltage Oil the test line. Samples were 
measured continuollsly on the test cable for a period of thirty seconds, and averaged 
internally by the instrument. However the signals from the loop antennae were just 
sampled as often as possible and stored for later processing. 

The method for determining the conductor currents from the loop antenna voltages 
was discussed in Section 9.3.1 and Section 9.3.2 . An additional step of correc.ting for 
the imperfect transducer characteristics was performed prior to using these algorithms. 
The electric Held at the site of the cable was calculated for each set of transducer 
measurements, and averaged to estimate the cable emf. 

A specific model of a finite length cable was disrusse<l in Section 9.3.2. However 
this model is not included in the electric fie ld calculation, as it is highly dependant 
on (.able type, and llIore importantly, the grounding electrodes at the ends of the test 
cable, and load on the cable. The electric field at the cable site is a better indication of 
the interfering ab ility of the line than the EMF induced in the cable. Also the surface 
resistivity at the test si tes was high, and highly variable. Consequently the calculate(i 
rable voltage could vary significantly. 

When faulty, gain and phase response of one of the loop antenna changed. The 
characteristics of the faulty antenna were determined by measurement in the lahoratory 
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<tfte_! the fie]<\ tests. It is possible howeve r that the antenna was in an indeterminate 
state, between working an<\ faulty, during the field tests. 

The results show that the calcuiate<\ electric fields do not fit the measured data. 
However a sensitiv ity analysis revealed that the calculated field was highly dependant 
on the phase angle between the measured loop antenna voltages. 

To determine where the cause of the discrepancy lay, the equivalent phase currents 
calculated by the program from measured voltage injection data were used to predict 
the electric fields at the cable position. Measured injection data for a eleven hour 
period on the 26th of February was used to determine t he average fields at the cable. 
Voltage injections from hoth ends of the link were used to determine the currents at 
the experiment sites. 

[n SUlllltlary, the fit of the electric field precUcted using loop antenna voltages to the 
measured data is poor. However the electric fields predicted using harmonic voltage 
injection data measured at Benmore is considerably better. The line currents calculated 
from the loop a.ntenna voltages are similar in magnitude to those predicted tlsing voltage 
injections at the ends of the link ( see Section 9.4,1.\), however there is a significant 
difference in the phase angles. Therefore it is likely that there was a phase error in the 
line current measuring system. Furthermore the agreement between the measured test 
line voltage, and the electric field predicted using the full model of the link is good. 
Consequently the conductor currents predicted using this model will be a reasonable 
estimate of the actnal currents. 

9 .4.3 P redicted Distu r bing C urr ent Profil e 

Predictions of the disturbing current profile on the entire link were made using 
the tuned computer model and measured injection data. The injection data contained 
measu rements of aU harmonics from the first to the fiftieth. Each set of single mea
surements of all harmonics wa.s injected into the link, and the equivalent disturbing 
current profile calculated. Proportionally and flat weighted distu rbing currents were 
calculated. The RMS average of these disturbing cu rrent profiles is shown in figure 3. 

This graph differs from those previously presented, in that the disturbing current 
profile for the south island is reduced . This is due to changes made in the modelling of 
the earth wire. Reductions would also be expected in the north island profile, however 
this is not t he case, and will be investigated further. 

9.5 C onclus ion 

A non invasive system consisting of a pai r of crossed loop antenna has been deV(>J
oped for the measurement of harmonic currents in high voltage transmission lines, An 
inversion algorithm derived by the author enables all conductor and earth wire currents 
to he determined \ising this system. 

Despite the apparent failure of a transducer during the experiments, the agree
Illent between experimental and computed results is good indicating that the harmonic 
propagation model is valid. 

Therefore predictions of the disturbing current made using this model fo r the south 
islan<l should be close to the actual current flow. The calculated results for the north 
island show some unusllal trends. As the calculated results for the north island are 
high, and nllllsllal, it is recommended that measurements be performed on the north 
island system to determine the accura.cy of the model. 
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CHAPTER 10 

CONCLUSIONS 

The electromagnetic field induce(\ by harmonic current flows in high voltage trans
mission lines couples energy into neighbou ring telecommunications cables which may 
impair the ope ration of communication systems. Problems of this type can be avoided 
by the inductive coordination of the power and telecolllmunication systems. Such an 
ap proach requires an understanding of: harmonic current sources within the power 
systelll and the ways in which they can be mHigated; the ability of a transmission 
line to induce voltages into communication cables and the manner in which this can 
be reduced; and the susceptibility of telecommunications equipment and methods for 
reducing this susceptibility. 

This research project has been concerned with the ab ility of high voltage transmis· 
sion lines to induce voltages into cOllllllunications cables under steady state conditions, 
and techniques for reducing this inductive influence. This thesis has cont ribu ted to this 
topic by: 

• Reviewing the procedure for the dete rmination of the state of power and telecom
munication systems coupled via an electromagnet ic field. 

It has been shown that if the coupling between power and telecommunication 
systems is weak , t hen the power system, electromagnetic field determination and 
telecommunication system studies may be partially decoupled. Such an approach 
is valid for coupling to buried cables under steady state conditions. 

• Summarizing existing wave propagat ion and mutual impedance models for a COIl

ductor above a lossy eart h. 

Propagation along a transmission line may be considered to be Lossless (TEM), 
Quasi-TEM or Exact. The condit ions under which these models are valid have 
been stated . Mutual impedance models have been reviewed with emphasis being 
placed on the assumptions made during the derivation of the models, how they 
may be implemented and their physical interpretation. 

• Establishing the accuracy of existing models. 

Existing models have been applied to the task of predicting the coupling between a 
single conductor transmission line and a buried cable over the range of conditions 
typically encountered in New Zealand. The maximum error expected in a.ny single 
mutual impedance calculation relative to that ohtained using the Exact model is 
17% for Carson's equat ion (both integral and series forms), and occurs when both 
the earth resistiv ity and frequency are high. Under these condi tions Qllasi-TEM 
models are not strictly valid. 

• Determining the factors affecting the inductive influence .of the single conductor 
lines. 
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It has been demonstrated that t he LEF dependencies in the immediate vicinity 
of the line differ significantly from those at large separations. In the immediate 
vicinity of the Ii lie the LEF is highly sensitive to geomet ry and frequency vari
ations but substantially independent of earth resistivity. At moderate to large 
separations thest" sensitivities are reversed . 

• Developing a new family of simple Quasi-TEM models. 

New models for the mutual impedance of conduc tors in the presence of the earth 
have been de rived. They are based upon the approximation of the continuous 
current distribution in the ground by an ensemble of filamentary currents . The 
Vertical lndudng Loop model) the simplest member of the family, has a clear 
physicaJ interpretation which enables accurate predictions of the LEF induced by 
tllulticonductor Lines to be made without recourse to numerical evaluation. 

• Determining the factors affecting the inductive inflence of multiconductor trans
mission lines. 

The LE I=' induced by multiconductor lines has been studied as a function of sep
aration, frequency, earth resis tivity, geomet ry and current sequence. The depen
dencies in the immediate vicinity of the transmission line differ from those at 
large separations. Fields induced by zero sequence current display similar depen
dencies to those of the single conductor line. Balanced sequence current flows 
have significantly different frequency and earth resisti vity dependencies that are 
also highly sensitive to t ransmission \jne geometry. The field at large distances 
from multiconductor lines is dominated by the zero sequence component, unless 
the conductors and ear th wi res lie in two or more different horizontal planes . In 
this case the balanced sequence field decays at the sallle rate as the zero sequence 
field, but is an order of magnitude smaller for the same current magnitude. It 
is not valid therefore to consider only zero sequence current flows when assessing 
the interfering ability of transmission lines . T he inductive influence of a transmis
sion line may be reduced by choosing phasing arrangements that are sYlllmetric 
with respect to the earth, and by mini mising conductor height and interconductor 
spacings. 

• Studying the effect of continuously grounded earth wires on the inductive influ
ence of lIIulticonductor Jines. 

'r he installation of a continuous grounded earth wire can red uce the LEF induced 
by zero sequence current flows by up to 50%, although it may worsen the induction 
due to balanced sequence components . ACS R earth wires offer signi fi cantly better 
shielding than GEHSS conducto rs at low frequencies due to their lower resistance. 
Shield wire losses are significant, but are smail in relation to phase con<\uctor 
losses. 

• Deriving new measures for quantifying inductive influence. 

New measures for qUiUltifying the ahility of high voltage transmission lines have 
been proposed, hased upon the Vertical Inducing Loop model. They are superior 
to existing measures as they include the effect of transmission line geometry, eitl'th 
resistivity, frequency and all se.que nces of current flow on the inductive influence. 

• Designing an efficient algorithm for calculating the LEF along transmission lines . 

An efficient algorithm for the calculation of inductive influence along transmission 
linE'S frolll terminal busbar conditions has been developed and applied to the 
New Zea.land inter-island HYDC lin k. Comparison of the simulation results with 
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currents along the line measured us ing a lion-invasive loop antenna. system has 
confirmed the validity of the transmission line model. 

• Development of a non-invasive sys tem for the measurf.':nlfmt of harmonic currents. 

A transducer consisting of a pair of crossed loop antennae was used to measurE' 
the alternating magnetic field below the DC transmission line of the New Zpaland 
HVDe link. An inversion algorithm was developed which determined both the 
pole and earth wire currents from the magnitude and phase of the loop voltages, 
measured values of the earth resis tivity and transmission line geometry. T he 
principal advantage of this system is that it enabled measlH'eHients to performed 
safely anywhe re along the t ransmiss ion line without having to physically alter 01' 

collle into contact with the transmission line conductors . 

• Verification of mutual impedance formulas. 

The ac.curacy of the mutual impedance formulas for the coupling between trans
mission lines and buried cables have been established by comparison of the voltage 
induced in a. cable parallel to the HVDe link with that calculated from the pole 
currents sensed using the loop antenna. The results suggest that the models 
are valid, but they also emphasised t he need for very accurate transchl cers a.nd 
instrumenta.tion when attempting to determine balanced sequence transmission 
line currents from electromagnetic field measurements . 
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AP P E NDIX A 

ACH A'S EART H IM P EDANCE COEFFICIENTS 

The following tables contain the coefficients for the piecewise cUl've fitting approxima.
tion to Cal'son's equation described in Section :3.5.2. 

, , 
0 15 " 45 60 75 90 

0.2 Sach .3910 .391 1 .3915 .3922 .3929 .3937 .3944 
t3ch~ .1892 .1854 .1739 .1545 .1268 .09050 .04560 
1lach~ .3795 .3773 .3710 .3606 .3467 .32990 .31120 
V~cha .1817 .4822 .18380 .48640 .19000 .19420 .49910 

0.5 $acha .3796 .3804 .3829 .. 3869 .. 3922 .. 3983 A041 
tach .1426 .1418 .1391 .1338 .1248 .1100 .08700 
U .. ch .'1652 .1613 .1496 .4302 .4032 .. 16890 .32810 
V3cha .4248 .4264 .13140 .43980 .15180 .16750 .'18690 

1.0 Bach .3591 .3606 .3654 .37.14 .3847 .3993 .4167 
t"cha .1042 .1047 .1064 .1087 .1112 .1127 .1107 

U .. cha .5018 .4978 .4856 .4650 .4356 .39710 .349.30 
V3ch .3680 .3699 .37550 .38550 .10070 .42240 .45220 

1.5 S"cha .3293 .3313 .3373 .3480 .3643 .3876 .4195 
t~ch .. .07400 .07500 .07800 .08320 .09090 .1014 .1143 

/lach .. .5033 .4992 .4870 .4663 .4367 .39790 .349.')0 
V3cha .3073 .3085 .31260 .32000 .3.1220 .351.')0 .. 18190 

2.0 Sacha .3019 .3037 .3095 .3201 .3371 .3631 .'1025 
tAch. .05560 .05650 .05940 .06460 .07280 .08510 .10320 
Uach .. .4855 .4812 .4679 .4454 .4132 .37060 .31730 
V .. ch .2623 .2628 .26440 .26750 .27310 .28310 .30180 

2.5 S .. cha .2774 .2790 .2838 .2927 .3074 .3310 .3695 
t .. ch .04330 .04410 .04650 .05080 .05790 .06910 .08680 

1I.cha .46 18 .4569 .4421 .4167 .3796 .. 12930 .26400 
Vach .. .2278 .2276 .22690 .22570 .22420 .22310 .22440 

3.0 S .. cha .2559 .2570 .2605 .2670 .2779 .2959 .3268 
tach .. .03470 .03530 .03710 .04050 .04610 .05500 .06970 

U .. ch .4370 .4316 .4150 .. 3864 .3438 .28410 .20270 
Vach .. .2006 .1998 .19720 .19240 .18490 .17360 .15740 

3.5 $acha .2.371 .2377 .2398 .2437 .2502 .2611 .2803 
t .. ch .. ,02840 .02890 .03020 .03280 .03690 .04340 .. 05420 

/I .. ch .. .1130 .4071 .3890 .3574 .3097 .24130 .14390 
V .. cha .1788 .1775 .17340 .16600 .15390 .13460 .10370 

4.0 Sach .. .2205 .2207 .2216 .2230 .2252 .2287 .2.348 

t"ch .02370 .02400 .02500 .02680 .02970 .03410 .04120 
/lach .. .3906 .3843 .3649 .3309 .2792 .20400 .09390 
V .. ch .. .1608 .1592 .15420 .14490 .12950 .10470 .06370 

Ttlble A.I. Acha'~ Coefficients for the calculation of ea.rth return impedances. 
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, , 
0 IS .10 " 60 7S 90 

'5 B.,e o., .2058 .20.17 .2054 .2046 .2029 .1997 .1932 
(,e n;' .02000 .02024 .02096 .02222 .02413 .02688 .03081 . 
!I" ~ n~ . 3699 .3633 .3430 .3073 .2528 .17300 .05524 
~ .. eh . 14.'j9 .1141 .13840 .12780 .11040 .08229 .03572 

05.0 S.,<o.>. .1929 .1924 .1912 .1886 .1838 .1741 .1573 
I ;.e h;. .01712 .01726 .0178 1 .01866 .01987 .02120 .02282 
".,eh~ .. 1505 .. 1445 .3238 .2855 .2299 .14830 .02789 
U"'eh4 .13.10 .1316 .12560 .11.130 .09516 .06582 .01749 

5.5 S",eh~ .1809 .1812 .1781 .1727 .1646 .15.11 .1274 
t"' eh .01473 .01501 .01519 .01552 .01609 .01734 .01684 
II;.e o .. .3.17S .325.S .3026 .2730 .2127 .12860 .010340 
V .. eh .. .1247 .1199 .11260 .10520 .08436 .05360 .006572 

6.0 S .. e h~ .1709 .1703 .1669 .1611 .}508 .1358 .1034 
heh .. .01291 .01304 .01316 .01340 .01359 .01384 .01247 
U .. <h .3202 .3105 .2882 .2547 .1957 .lJ390 .0002289 
U;.c h .. .1146 .1110 .10410 .09442 .07436 .04499 .0006278 

6 . .1 Sach .1617 .1608 .1570 .1504 .1386 .1202 .08458 
tach .01137 .01144 .01150 .01161 .01155 .01122 .009331 
U;.ch .3051 .2965 .2746 .2392 .1816 .10250 -.004619 
Vo.ch;. .1062 . 1033 .09649 .08578 .06650 .03860 -.002085 

7.0 ,'''e n .. .1534 .1522 .1481 .1407 .1278 .1072 .07006 
t"eh;. .01009 .01012 .01013 .01013 .009886 .009229 .007094 

U .. ch .2916 .28.17 .2620 .2258 .1697 .09355 -.006136 
V"eh .. .09895 .09640 .08975 .07866 .060 16 .03382 -.002899 

7.5 S " eh.>. .1460 .1444 .1398 .1322 .1184 .09621 .05893 
(,ch.>. .009039 .009005 .008957 .008912 .008548 .007662 .005504 
u .. cn .. .2790 .2720 .2508 .2139 .1594 .08693 -.005799 
V .. ch .09248 .09040 .08399 .07252 .05485 .03040 -.002728 

8.0 S.«o .. .1390 .1374 .1326 .1244 .1101 .08729 .05041 
h en .>. .008108 .008074 .008000 .007869 .007433 .006472 .004367 
Uach .2681 .2611 .2401 .2037 .1507 .08109 -.004632 
U .. " h .. .08705 .08499 .07867 .06746 .05044 .02751 -.002149 

8 .. 5 S .. eho. .1327 .1310 .1261 .1174 .1027 .07973 .04383 
t .. d." .007.114 .007278 .007182 .006994 .006513 .005528 .003544 

".>.cn" .2580 .2511 .230.1 .1946 .1431 .07633 -.003265 
U~ch .. .08219 .08018 .07397 .06.107 .04689 .02521 -.001492 

9.0 S""h", .1269 . 1252 .1201 .1111 .09621 .07329 .03866 
t",en .. .006632 .006593 .006481 .006254 .005748 .004769 .002935 
U",eh .2486 .2419 .2213 .1863 .1364 .07233 -.002039 
V;.eo.>. .07784 .07.586 .06979 .05922 .04.175 .02335 -.0009185 

9.5 S",ch .1216 .1199 .1147 .1054 .09044 .06774 .03451 
t~eh .006040 .006000 .005875 .005623 .005107 .00415.1 .00247.1 
lI~e h;\ .2400 .2333 .2131 .1789 .1304 .06890 -.001093 
V,\Ch;. .07391 .07197 .06605 .0.158.1 .01103 .02179 -.0004877 

10.0 ~.1<0 ~ .1167 .1149 .1097 ,100.1 .08529 .06293 .03109 
l .. ch .1 .005524 .005482 .005349 .005082 .004565 .003646 .002113 
U"eh", .2320 .2254 .2056 .1721 .1250 .06590 ~.0004458 

Vacn .. .07034 .0684.1 .06269 .05280 .03864 .02045 -.0002001 
[0 . .1 s .>.<n ;. .1121 .1104 .1051 .09560 .u8067 .05872 .02821 

t~e h.1 .00.'1072 .005028 .004889 .004614 .004103 .003226 .001825 
U;\ch ... .2245 .2180 .1986 .1658 .1202 .06323 -.00005569 
V.>.<o;. .06710 .06525 .05965 .05010 .03652 .01929 -.00003059 

Table A.I. Acha'~ Coefficients fOf the calc Illation of e,uth feturn impedances continued. 
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, , 
0 15 30 45 60 " 90 

11.0 "...:k~ .1079 . 1062 .1009 .09133 .01650 .05501 .02573 

t.oc~ .. .004672 .004628 .004486 .004207 .003706 .002872 .00 1589 

1J .. <h~ .2175 .2112 .1921 . 1601 . 1151 .06082 .0001423 

U .. ch .. .064 13 .06233 .05689 .04766 .03464 .01827 .0000537 

11 .5 .t .. eh .. . 1040 .}023 .09693 .08742 ,07274 .05 172 .023S7 

l ack .. .0043 18 .004273 .004 129 .00385 I .003364 .002573 .001393 

" .. d .. .2110 .2048 .\860 .1548 . 1117 .05862 .0002 129 

Uaeh .0614 1 .05966 .054.11 .04545 .03295 .01135 .0000832 

12.0 .t .. ok .. . 1004 .09867 .09330 .08382 .0693 1 .04878 .02 166 

tach .00<1 002 .003957 .003813 .003538 .003066 .002317 .001227 

u .... h .2049 .1988 .1 804 .1 499 .1079 .05661 .0002097 

tlac ... .05891 .05720 .05206 .04343 .031 42 .0 1653 .00008188 

Table A.I. Acha's ( ;oe fficiel\~s for the calculation of eart h rcturn imptdallccs continued. 
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