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Abstract 

A numerical procedure employing thefinite-element method (FEM) is used in conjunction with Faraday ’s law. 
in order to predict the current in a faulted transmission line as well as  the induced voltages across points on 
a pipeline running parallel to the faulted line and remote earth. The problem is a two-dimensional one, be- 
cause the phase-to-ground fault is assumed to be outside of the parallel exposure so that the conductive in- 
terference is negligible. Therefore a two-dimensional finite-element mesh has been solved, that leads to the 
field distribution andfinally to the induced voltages. The effect of the problem “operational parameters ’’ (mit- 
igation wires numbec earth resistivity and overhead transmission line geometrical configuration) has been 
taken into account. The results lead to conclusions that may be useful to power-system engineers. 

1 Introduction 

The proximity of electric power lines and metal 
pipelines transporting fluids has become more and more 
frequent, owing to their having been assigned a common 
course and to the continual increase in energy consump- 
tion. This leads to a stronger power-line interference on 
pipelines, in view of the increase of fault currents linked 
to electric network development. An insulated pipeline, 
even below ground, which follows an electrical line or 
cable over a certain distance is subjected to significant 
voltages, especially in cases of earth faults. 

AC interference in a pipeline sharing a corridor with 
a power line consists of an inductive component and a 
conductive component. Inductive interference, which is 
occurred by the magnetic field generated by the power 
line, is present during both normal load conditions and 
fault conditions on the power line. Conductive interfer- 
ence arises when a power-line structure injects a large 
magnitude current into the earth during a single-phase- 
to-ground fault and the pipeline is located near the fault- 
ed structure. 

Using initially the widely-known Carson’s relations 
[ 11 ,  various formulae have been proposed [2-51 to study 
the above interferences. The introduction of computers 
in the next decade has brought a considerable improve- 
ment to the procedures for calculating voltages appear- 
ing along an influence area, leading to advanced analyt- 
ical models [6]. Technical Recommendation No. 7 [6] 
takes all new knowledge, both theoretically and experi- 
mentally derived, into account and represents the present 
state of the art. On the basis of particular examples it is 
possible to specify interference caused by earth-fault cur- 
rents in high-voltage systems or by load currents. 

Recently, two extensive research projects intro- 
duced practical analytical expressions which could be 
programmed on hand-held calculators [7]  and compu- 

terized techniques [8 ] ,  for the analysis of power-load 
current inductive coupling to gas pipelines. Furthermore 
the Electrical Power Research Institute (EPRI) and the 
American Gas Association (AGA) in ajoint research de- 
veloped the Electromagnetic & Conductive Coupling 
Analysis from Powerlines to Pipelines (ECCAPP) pro- 
gram [9- 111. Equivalent circuits with concentrated or 
distributed elements are used in ECCAPP and the self 
and mutual impedances are calculated using formulae 
fromCurson[ 11, Pollaczeck[12]andSunde [5].In 1987, 
Study Committee 36 - Interference - of the Cigre con- 
ducted an international survey on the problems of prox- 
imity of HV power structures to metal pipelines, with 
emphasis on regulations governing their exposure. The 
results obtained were published in [ 131. 

More recently (1992), a general document [ 14- 171 
entitled “Guide Concerning Influence of High Voltage 
AC power Systems on Metallic Pipelines” covering prob 
lems of influence of HV power structures on metal pipe- 
lines has been elaborated within the Cigrd Working Group 
36.02. This guide has several different objectives: 
- Presentation of different influences and problems 

which result from them. 
- Description of simple methods for calculating influ- 

ences, as well as methods of measurement. 
- Presentation of the principal means of reducing in- 

fluences and description of protection systems. 

The authors of this paper believe that a finite-ele- 
ment solution of Maxwell‘s equations which describe 
the corresponding electromagnetic field problem may 
lead to useful conclusions, complementary to already 
proposed methods. In order to determine both inductive 
and conductive interferences, a three-dimensional FEM 
analysis is required. However, in the present work, the 
two-dimensional electromagnetic field problem of a 
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faulted overhead transmission line in the presence of 
buried conductors has been numerically solved with the 
help of FEM, because the fault is assumed to be outside 
of the parallel exposure and therefore the conductive 
interference is negligible. 

145 kV 1240' 

L2+@ Iw. 

I45 kV S O o  

Z, = (4 + j50) R - 

Z, = (4 + j50) R Faulted phase - 

2 Problem Description 

The system under investigation, shown in Fig. 1 and 
2, consists of a 25 km long corridor shared between one 
pipeline and one transmission line. A phase-to-earth 
fault is assumed on the transmission line at point B, 
which is outside of the parallel exposure. Therefore con- 
ductive interference becomes negligible and the present 
work analyses the inductive coupling between overhead 
power transmission lines and neighbouring gas pipe- 
lines or other conductors, when they run parallel to a line 
section. Currents are induced in the faulted conductor, 
skywires and earth. End effects are neglected, i. e. a two- 
dimensional problem is considered consisting of infinite 
length conductors. This is reasonable for the lengths of 
parallel exposure between transmission lines and buried 
conductors, as encountered in practical applications. 
The fault is assumed to be in a steady-state condition 
with 50 Hz nominal frequency. 

Concerning the material properties, the earth is as- 
sumed to be homogeneous with a varying resistivity cor- 
responding to wet, dry and rocky grounds, respectively. 
Homogeneity is not a restriction for the program devel- 
oped, which is capable to solve for a multi-layer earth, 
or earths with properties varying in the two dimensions 
(x, y). Pipeline's metal and skywires have conductivities 
a, = ask = 7 .  lo6 S/m and relative permeabilities pLm 
= C(r,sk = 250, respectively. Pipeline's coating has a rela- 
tive permeability pr,= = 1 and is assumed to be perfect, 
which is reasonable for nowadays synthetic coatings 
[ 161. Therefore, the coating conductivity oc is assumed 
to be zero and the corresponding leakage currents 

a> 

5 
ha, _I 0 

Phase wires - 

d 

L\ Coating 

Fig. 1. System under investigation 
a) Cross-section of the system 
b) Detailed pipeline cross-section 
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Fig. 2. Circuit diagram of the system under investigation 

through the pipeline's coating are neglected. Copper or 
aluminium mitigation wires shown in Fig. la are bare. 

The geometry of the transmission line consists of a 
pair of HAWK ACSR conductors. Skywire conductors 
radius is 4 mm, pipeline inner radius is 0.195 m, its outer 
radius is 0.2 m and coating thickness is 0.1 m. The source 
phase voltage of the terminal is 145 kV behind an impe- 
dance of Zs = 4.0 + j 50.0 $2. The neutral of the source 
has a ground resistance of R, = 0.2 R. Tower's ground 
resistances are negligible and the fault resistanceRf is as- 
sumed equal to 20 R. 

Junctions isolate the pipeline at both ends H and K 
(shown in Fig. 2 and 3) for cathodic protection purpos- 
es, and the nearest grounding of pipeline at point J lies 
12.5 km away from each insulation junction. Assuming 
ac = 0 for nowadays synthetic coatings, the total current 
in the pipeline sections between the insulation junctions 
and the grounding is zero. However, a voltage will ap- 
pear across points on both of these sections HJ and KJ, 
and remote earth. The magnitude of this voltage at a 
point P is a function of its distance z from the grounding 
of the pipeline. 

The fault current If in the power line conductors, 
which is influenced by the presence of the pipeline, is 
calculated using E M  results and Faruduy's law. There- 
fore, the required input data for our method are power 
line and pipeline geometrical configuration, conductors 
and pipeline physical characteristics, air and earth char- 
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acteristics, power system terminal parameters (such as 
source voltages and equivalent source impedances) as 
well as fault parameters describing fault location and 
type. The output data are the fault current in the faulty 
phase conductor, magnetic vector potential (MVP) dis- 
tribution in the cross-section of the parallel exposure, 
eddy currents induced in skywires and earth, and voltag- 
es induced at points across pipeline sections HJ and KJ 
and remote earth. 

Earth surface 

3 Finite-Element Formulation 
of the Electromagnetic Field 

If the cross-section shown in Fig. l a  lies on the x-y 
plane, the linear two-dimensional electromagnetic diffi- 
sion problem for the z-direction components& andl, of 
the MVP vector and of the total current density vector, re- 
spectively, is described by the system of equations [ 181: 

- 

where a i s  the conductivity, o is the angular frequency, 
po andpu, are the vacuum and relative perrneabilities, re- 
spectively, I,: is the source current density in the z-di- 
rection and _li is the current flowing through conductor i 
of cross-section S,. 

The FEM formulation of eqs. ( 1 a) to ( I c) leads [ 191 
to a matrix equation, which is solved using the Crout 
variation of Gauss elimination. From the solution of this 
system, the values of the MVP in every node of the dis- 
cretization domain as well as the unknown source cur- 
rent densities are calculated. Consequently, the eddy 
current density & of element e is obtained from the re- 
lation [ 181 

and the total element current density J E  will be the sum 
of the conductor4 source current density J,; and of the 
element eddy current density J',: given by eq. (2a), i. e. 

Integration of eq. (2b) over a conductor cross-sec- 
tion will give the total current flowing through this con- 
ductor. 

The total solution domain for our problem, which is 
a square with 10 km side, is subdivided in first-order tri- 
angular finite elements. A Deluunuy-based [20] adap- 
tive mesh generation algorithm has been used for the 
original discretization. The continuity requirement of 
the flux density B on the interface between neighbour- 
ing elements has been chosen [2 I ]  as the criterion for an 
iteratively adaptive mesh refinement. The Defuunuy- 
based original mesh of approximately 3 OOO elements, 
using the above criterion, led in almost. all cases tested 

to a mesh of 14000 to 16000elements. Relative element 
distribution in this mesh reveals the good behaviour of 
thecriterion chosen. A subsequent refinement is not nec- 
essary because, although it rises the number of triangles 
up to 50 %, MVP results are hardly influenced. 

4 Analysis of Currents and Voltages 

The voltage /JAB across two points A, B is defined 
from the electrical field E and the path joining A and B as: 

(3) 

This voltage depends not only on the end points A 
and B, but also on the path, because the field is time-var- 
ying. In Fig. 2 and 3 this path is assumed to be a straight 
line joining A and B. 

If displacement currents are neglected, path AB is 
parallel to the direction of the current density and be- 
longs on the surface of a conductor having conductivity 
0, then eq. (3) leads to 

J - 1  
A a 

B 
CAB = j E d 1  = A ,  (4) 

where J:, 0.1 are the z-direction component of the total 
current density, the conductivity and the conductor 
length, respectively. 

The voltage /JBC across a path BC, e. g. from B to 
the remote earth C of Fig. 3, through which a current _I( 
flows, is given by 

r 

B 

where R f  is the fault resistance. 

1 . 
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4.1 Faraday’s Law Application 

for Fault-Current Determination 

The earth fault shown in Fig. 2 and 3 leads to a total 
current flowing in the section AB of faulted phase L1 
and back along the path ABCLDEFGA. If reference 
earth CLDEF is supposed to be a conducting plane of in- 
finite conductivity, then current lr may be determined by 
combining FEM calculations and Faraday’s law applied 
in the closed path ABCFGA 

a 0  
at 

f Ed1 + - = 0, 

where 0 is the flux of the magnetic field through the 
closed path ABCFGA. Using phasors, in a two-dimen- 
sional field this flux is given in the plane (x, y )  by 

g=A_,1, (7) 
where 4: is the z-component of the MVP and 1 is the 
length of the path AB. 

Using eq. (6)  with phasors instead of time functions 
we obtain 

( 8 )  UAB + Uec + UCF + UFG + UGA + j W = 0, 
where 

J . 1  B 
CAB = Ed1 = -, 

(T A 

UBC =1rRf, (9b) 

U C F  = 0, (9c) 
Uf f i  = LRgr (9d) 

Y G A = - U O + ~ ~ Z ~ .  (9e) 
Finally, the source phase voltage UO can be ex- 

pressed with two additive terms in brackets as follows: 

(10) 

The first term on the right-hand side of eq. ( 10) is the 
voltage due to the concentrated elements R,, Z, and Rf. 
The second term contains quantities J ;  and&, which are 
uniquely determined by FEM calculations for a given 
fault current If. So, if we impose a current lm = 1 A c O”, 
a base Voltage u b  is computed from eq. ( lo) as 

where L:b and q z b  are the current density and the MVP 
on the surface of the phase conductors, respectively, cal- 
culated using E M .  Finally, if is calculated from 

where YO is the known source phase voltage of the ter- 
minal, shown in Fig. 2 and 3. 

in eqs. (1 1 a) and (1 lb) takes 
into account soil properties and buriedconductors. It has 

The calculation of 

been checked with results from Carson’s [ 11 relations in 
simplified cases (i. e. without buried conductors) and the 
differences found were less than 2 9%. 

4.2 Faraday’s Law Application 
for Pipeline Voltage Determination 

We consider now the pipeline HK of Fig. 2 and 3, 
running parallel to the faulted phase L1. The pipeline is 
grounded with a resistance R,, at the point J, while both 
end-points K and H have no connections to earth, i. e. 
they correspond to insulating junctions. Applying 
Faraday’s law in the loop PNQDJP, the voltage across a 
point P and remote earth N is obtained as a function of 
its distance z from J: 

UPN = j4 ,oz .  (12) 
The maximum value of this voltage is occurred 

across point K and remote earth M as: 

UKM = j4,olZ. (13) 
Due to the symmetry of pipeline HK across ground- 

ing point J, the same conclusions hold for both sections 
KJ and HJ. 

The above method can also be used for other 
pipeline’s configurations, if for example the pipeline is 
grounded with resistances R,, at both ends -points K and 
H as shown in Fig. 4. In this case section HK is part of 
the closed loop HKLQDEH and a current 1, will flow 
through it. Applying as previously Furuduy’s law eq. (6) 
in the two loops PKLQNP, HKLQDEH, the voltage 
across a point P, lying between the grounding points H, 
K, and remote earth N is obtained as: 

Therefore the voltage within the grounded in both 
sides section HK varies, as we move from H to K, from 
an initial phasor value R,, 1, to zero and finally to- R,, 1,. 

1 . c 

Faulted phase L1 
/ - - 

E d  

Earth surface 

Buried pipeline 

F E D Q L C  
z 

’c--c 

1, _ _  4 I 

Fig. 4. Circuit diagram for the pipeline configuration with 
resistances R ,  at both end-points K and H 
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The corresponding magnitude variation will be from 
IRELl to zero and finally to IRpg~cI. 

It should be mentioned that eq. ( 14) holds if the leak- 
age currents are neglected, which is reasonable for now- 
adays synthetic coatings [ 161. 

5 Results 

The system shown in Fig. 1 ,2  and 3 has been inves- 
tigated for several different cases. According to eqs. ( 1 1 a) 
and ( 1  lb), the fault current of phase L1 has been calcu- 
lated equal to 2 OOO A. Using this current, the twodimen- 
sional diffusion equation has been solved for different 
separation distances d between the pipeline and the cen- 
ter of the overhead line, when initially no mitigation 
wires are present. Using FEM MVP results and applying 
Furuduy's law in the loop PNQDJP of Fig. 2 and 3, the 
voltage across points at pipeline sections HJ and KJ and 
remote earth is calculated. Fig. 5 shows the amplitude of 
this voltage UPN = I u p N  I for!r= 1 OOO A < 0" across a point 
Pat a distance z = 1 OOO m from J and remote earth N, as 
well as its dependence on variations of separation dis- 
tance nand of earth resistivity. This voltage is proportion- 
al to the fault current. Therefore, Fig. 5 can be easily used 
to predict the voltage for any value of current Lr. 

I 
3 
2 

1 oo 
2 5 lo2 2 5 lo3 m 2 

d -  

Fig. 5. Voltage U ~ N  for = 1 OOO A < 0" across the point P (at a 
distance z = 1 OOO m from J) and remote earth N of Fig. 2 and 3, 
as a function of the separation distance d of Fig. 1 a (i. e. of the 
distance of the pipeline from the centre of the overhead line) 
for three different earth resistivities; curve 1 is for earth resis- 
tivity 1 OOO Rm, curve 2 for 100 Rm and curve 3 for 30 R m  

Number of UPN (in V) 
mitigation wires / material (if= lOOOA<O") 

none 
1 I copper 
2 I copper 
3 I copper 

. 1 /aluminum 
2 /aluminum 
3 I aluminum 

100.3 
45 

29.2 
21.2 
57 
38 

28.3 

Tab. 1. Effect of the buried mitigation wires of Fig. l a  on 
magnetically induced voltage Um, across point P (at a dis- 
tance z = lo00 m from J) of pipeline and remote earth N; the 
earth resistivity is 100 Rm, the separation distance d between 
pipeline and the centre of the overhead line is 200 m, the bare 
mitigation wires have a radius equal to 5 mm and they are 
located at a distance equal to I m from the pipeline centre 

Fig 6. Flux lines ( A  = const) of the electromagnetic field, for 
a pipeline-overhead line separation distance equal to 200 m; 
there are three aluminum mitigation wires near the pipeline 
and the earth resistivity is 100 C!m 

The calculated voltages are exactly valid for a phase 
conductor height of 1 1 m. For separation distances d> 50 m 
the voltage differs less than 10 %, for conductor heights 
8 m to 24 m. Consequently, the results presented here may 
also be used for other phase conductor heights. 

Tab. 1 analyses the reduction of voltage obtained by 
installing progressively more bare mitigation wires with 
low resistivity material such as copper and aluminium, 
as shown in Fig. la. From the results of Tab. 1 it  is clear 
that buried mitigation wires may be very effective. For 
example, the three aluminium mitigation wires reduce 
the pipeline voltage by 72.4 %. Using FEM it was found 
that, when the mitigation wire has a very low self impe- 
dance, the diameter of the conductor is much less impor- 
tant than the proximity of the wires to the pipeline and 
the number of wires used. 

The effect of voltage mitigation due to the alumin- 
ium wires may be easily understood from the MVP dis- 
tribution shown in Fig. 6. In this case there are three al- 
uminium wires near to pipeline, as shown in the basic 

Separation Technical 
distance d Recommendation No 7 FEM Difference 

UPN f in V) UPN (in V) (in %) fin ml 

25 223.7 202.1 9.65 
70 169.2 155.1 8.33 
100 146.15 136.2 6.8 
200 107.7 100.3 6.87 
500 60.5 55.1 8.92 
800 38.2 35. I 8.11 
lo00 28.9 26.4 8.65 
2000 8.46 1.82 7.56 

Tab. 2. Comparison between Technical Recommendation 
No. 7 and FEM, concerning voltage UPN fOrdf = 1 OOo A < 0" 
across point P (at a distance z = I OOO m from J) and remote 
earth N of Fig. 2 and 3, as a function of the separation dis- 
tance d of Fig .la (i. e. of the distance of the pipeline from 
the centre of the overhead line) when no mitigation wires are 
present; the earth resistivity is 100 R rn 
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system of Fig. 1 a. The presence of the mitigation wires 
compressed the induction field towards the faulted line. 
On the other hand when no mitigation wires are present, 
the magnetic field has a y-axis symmetry and the flux 
lines in the pipeline region are similar to those on the left 
part of Fig. 6. 

Finally, Tab. 2 shows a comparison between FEM 
andTechnical Recommendation No. 7 161 results, for the 
same case shown in Fig. 2 and 3. This comparison con- 
cerns inductive voltage UPN across points P (at a distance 
z = 1 OOO m from J) and remote earth N of Fig. 2 and 3, 
as a function of the separation distance d of Fig. la (i. e. 
of the distance of the pipeline from the centre of the over- 
head line), when no mitigation wires are present. Since 
the difference is smaller than 10 %, the authors believe 
that FEM results are in good agreement with those pro- 
vided by Technical Recommendation No. 7 [6].  

6 Conclusions 

The finite-element solution of the two-dimensional 
electromagnetic diffusion equation leads to useful con- 
clusions concerning the inductive interaction between 
overhead transmission lines and buried conductors. 

Using the distribution of the electromagnetic field 
(deriving from FEM solution) and Furuduy's law, fault 
current of the overhead transmission line as well as in- 
duced voltages in buried pipelines have been computed. 
The results concerning the voltage have been compared 
with corresponding results of Technical Recommenda- 
tion No. 7 [61 and the differences found were less than 
10 %. The influence of buried bare mitigation wires has 
also been investigated, leading in some cases to a pipe- 
line voltage reduction up to 72.4 %. The method is also 
capable to take into account any configuration and num- 
ber of overhead transmission lines, buried conductors 
and mitigation wires. 

7 List of Principal Symbols, Subscripts, 
Superscripts and Abbreviations 

7.1 Symbols 

source impedance 
fault resistance 
ground resistance of source neutral 
pipeline-to-ground resistance 
distance between a point P of pipeline and the 
nearest grounding of pipeline 
fault current 
t-direction component of magnetic vector po- 
tential 
z-direction component of total current density 
conductivity 
angular frequency 
vacuum permeability 
relative permeability 
z-direction component of source current density 
current flowing through conductor i 
cross section of conductor i 
z-direction component of eddy current density 

B 
E 
1 
@ 
UO 

PN 

1, 

d 

magnetic flux density 
electric field intensity 
conductor length 
magnetic flux 
source phase voltage 
voltage across point P of pipeline and remote 
earth N 
current flowing through the closed loop 
HKLQDEH 
separation distance between the pipeline and the 
center of the overhead line 

7.2 Superscripts 

e finite element e 

7.3 Subscripts 

e eddycurrent 
b base quantity 
1 conductor i 

7.4 Abbreviations 

EPRI 
AGA 
ECCAPP 

FEM 
MVP 

Electrical Power Research Institute 
American Gas Association 
Electromagnetic & Conductive Coupling 
Analysis from Powerlines to Pipelines 
Finite Element Method 
Magnetic Vector Potential 
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