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The influence of multi-layer ground 
of an overhead power transmission 
of buried conductors 

K. J. Satsios, D. P. Labridis, P. S. Dokopoulos 

on the electromagnetic field 
line in the presence 

Contents The present work investigates the two dimen- 
sional, quasi stationary, electromagnetic field of a faulted 
power transmission line in the presence of a buried 
pipeline, of mitigation wires and of a multi-layer ground. 
The related diffusion equation has been numerically 
solved by using the Finite Element Method (FEM). Using 
FEM results and Faraday's law, magnetic vector potential, 
as well as the voltages induced across the buried pipeline 
and remote earth, are calculated. Parametric analysis has 
shown that there is a significant influence of the depth and 
resistivity of the first ground layer, of the resistivities of 
the different ground layers and of the configuration of 
mitigation wires on the electromagnetic field and on the 
voltages induced across the buried pipeline and remote 
earth. 

Der EinflulJ der mehrschichtigen Erde auf das 
elektromagnetische Feld einer Ubertragungsleitung 
in der Anwesenheit yon unterirdischen Leitern 

Obersicht In der vorliegenden Arbeit wird das zwei- 
dimensionale, quasi stationfire, elektromagnetische Feld 
einer mit einem Fehler behafteten Ubertragungsleitung in 
der Anwesenheit einer unterirdischen Rohrleitung, 
mehreren Schutzleitungen und einer mehrschichtigen 
Erde untersucht. Die entsprechende Diffusionsgleichung 
wird numerisch mit Hilfe der Finiten Elementen Methode 
(FEM) berechnet. Anschlieflend werden mit Hilfe der 
Ergebnisse der FEM und der Faraday schen Gleichung das 
magnetische Vektorpotential und die zwischen der 
Rohrleitung und der fernen Erde induzierten Spannungen 
berechnet. Untersuchungen zeigten, daft ftir das Feld und 
die zwischen Rohrleitung und der fernen Erde induzierten 
Spannungen folgende Parameter yon grofler Bedeutung 
sind: Die Dichte der ersten Erdschicht, die spezifischen 
Widerstgnde der Erdschichten und die Anordung der 
Schutzleitungen. 

1 
Introduction 
Analysis of electrical interaction effects between overhead 
power transmission lines and nearby buried pipelines has 
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been a topic of growing interest, due to the restrictions 
currently imposed on public utilities in the use of right-of- 
ways. These restrictions have resulted in situations in 
which power lines, pipelines, railroads, telecommunication 
lines etc. have to be laid in close distance for several ki- 
lometres. However, electrical interference problems due to 
conductive and inductive interactions among these sys- 
tems must be carefully examined, before the sharing of a 
common right-of-way can be finally decided. 

Electrical interference problems have been examined by 
many scientific organisations and research institutes, 
leading to various research reports and papers [1-10]. 
Although the mechanisms by which inductive and con- 
ductive interactions arise are well understood, the deter- 
mination of interaction effects in a typical right-of-way is a 
complex procedure. This procedure requires not only a 
good knowledge of conductors layout, power line and 
pipeline electrical characteristics and electrical system 
parameters, but also an accurate representation of the 
ground. 

The ground model is particularly important for the 
determination of interaction levels and of the performance 
of mitigation systems. Without the adequate modelling of 
the ground structure, the mitigation designs have to be 
conservative in order to ensure a sufficient protection. 
When the ground structure is accurately modelled, effec- 
tive and cost-efficient mitigation design may be evaluated. 

In this paper, the influence of a multi-layer ground on 
the electromagnetic field and on the inductive interaction 
between an overhead transmission line and a buried 
pipeline has been examined. The use of finite elements 
method (FEM) for the solution of Maxwell's equations 
which describe complex electromagnetic field problems 
leads always to useful conclusions. Therefore, a procedure 
based on FEM has been proposed to solve the two di- 
mensional electromagnetic field problem of a faulted 
overhead power transmission line, in the presence of 
buried conductors and multi-layer ground. 

2 
The electromagnetic field problem 

2.1 
Finite element formulation 
To investigate the influence of multi-layer ground on the 
electromagnetic field and on the inductive interaction 
between overhead transmission lines and buried conduc- 
tors, a typical system shown in Figs. 1-2 has been chosen. 
This system consists of a long corridor shared between one 
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Fig. 1. a Cross-section of the system under investigation, b De- 
tailed pipeline cross-section 

pipeline and one transmission line. The geometry of the 
transmission line consists of a pair of conductors. Pipeline 
metal and skywires have a conductivity o-m = ~rs = 
7.0E + 06 S/m and relative permeability #rm = P,'~ = 250 
respectively. Pipeline's coating is assumed to be perfect 
(ac ~ 0.0), which is reasonable for nowadays synthetic 
coatings [9]. Aluminium mitigation wires shown in Fig. la 
are bare and the ground is subdivided in layers with dif- 
ferent properties #, p. A standard power frequency of 
50.0 Hz has been used to simulate a phase to ground fault 
IF at point B of Fig. 2, which is outside of the parallel 
exposure. Therefore, conductive interference is negligible 
and only the inductive interference, occurred by the 
magnetic field, exists. Due to this inductive interaction, 
currents are induced in mitigation wires, skywires and 
ground layers by the current of the faulted conductor, and 
voltages appear across pipeline's surface and ground. For 
the inductive interaction calculations, end effects neglect 
leads to very small errors and to a two dimensional 
problem. Therefore, if the cross-section of the system 
shown in Fig. 1 a lies on the x-y plane, the linear two- 
dimensional electromagnetic diffusion problem for the z- 
direction components of the Magnetic Vector Potential 
(MVP) Az and of the total current density vector ]z is 
described by the system of equations [11-12] 
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[O2A~ a2A_ ] 1 
/=-v-~ + - - - ~ |  - j o o a A z  + ]sz = 0 (la) 

, to /~  h Ox ~ O,v 2 J 

- jcoaAz + lsz = lz (lb) 

f f  kds = Ii (lc) 

Si 

where a is the conductivity, co is the angular frequency, #0 
and/4- are the vacuum and relative permeabilities res- 
pectively, ]= is the source current density [13] in the 
z-direction and Ii is the rms value of the current flowing 
through conductor i of cross section Si. 

The matrix equation obtained [13] from the finite ele- 
ment formulation of equations (la-c) is solved using the 
Crout variation of Gauss elimination. MVP values in every 
node of the discretization domain as well as the unknown 
source current densities are calculated using the matrix 
equation solution. Consequently, the eddy current density 
j e  of element e can be computed [11] and the total ele- 
ment current J~ will be the sum of the conductor-/source 
current density J~i and of the element eddy current density 
]e z, i.e. 

l e ( x , y )  = ]ez(X,y) + lszi = - jcoaAez(x ,y)  + lszi (2) 

Integration of (2) over a conductor cross-section will give 
the total current flowing through this conductor. 

When applying FEM for the electromagnetic field cal- 
culation of a multi-conductor system, a zero Dirichlet 
boundary far away from the system is generally assumed, 
enclosing all the currents flowing in the system. If a cur- 
rent flows in one conductor (i.e. the faulted phase a) of a 
transmission line and returns through the earth, the 
boundary inside the earth has been estimated in the order 
of 106 away from the current-carrying conductor, in order 
to approximate accurately the earth current. The pene- 
tration depth 5 is defined as 5 = ~ .  With maxi- 
mum values Pearth = 1000 f~m and ]/rearth = 1 for the earth, 
the corresponding C~eart h is 2250 m at 50 Hz. Therefore, the 
Dirichlet boundary inside the earth should be greater than 
10c5 = 22500 m. 

The total solution domain for our problem is therefore 
a square with 46 km side as shown in Fig. 3. This solution 
domain is subdivided in first order triangular finite ele- 
ments. The complicated geometry of the examined inter- 
action problem requires an optimal grid generator which 
provides triangular finite elements, each of which con- 
tribute very nearly the same error to the overall solution. 
Therefore a Delaunay based [14] adaptive mesh genera- 
tion algorithm has been developed for the original dis- 
cretization. The continuity requirement of the flux density 
B on the interface between neighbouring elements has 
been chosen [15] as the criterion for an iteratively adap- 
tive mesh refinement. The Delaunay based original mesh 
of appr. 5000 elements, using the above criterion, led in 
almost all cases tested to a mesh of 25000-27000 elements. 
Relative element distribution in this mesh reveals the good 
behaviour of the criterion chosen. A subsequent refine- 
ment is not necessary because, although it rises the 
number of triangles up to 50%, hardly influences MVP 
results. 

2.2 
Faraday's law application for pipeline's 
voltage calculation 
Consider now the pipeline HK of Fig. 2 running parallel to 
the faulted phase a. The pipeline is grounded with a re- 
sistance ZE at the middle point J, while junctions isolate 
the pipeline at both end-points H and K for cathodic 
protection purposes. If reference earth CLDEF is supposed 
to be a conducting plane of infinite conductivity, then the 
voltage VpN across a point P of the pipeline and remote 
earth N may be determined by combining FEM calcula- 
tions and Faraday's law applied in the closed path PNQDJP 

{#d[ + = o (3)  

where ~b is the flux of the magnetic field through the closed 
path PNQDJP. In a two-dimensional field, this flux in the 
plane (x,y) is given by 

q~ = A -z (4) 

where A is the z-component of the MVP and z is the 
distance of P from grounded point J. Using phasors in- 
stead of time functions (3) may be written in the form 

vpN + VNQ + + + rip + j or = 0 (5) 

Finally the voltage VpN across the point P and remote 
earth N is easily obtained as a function of its distance z 
from grounded point J 

VpN(Z ) = jAooz (6 )  

The maximum value of this voltage is occurred across 
point K and remote earth M as 

VKM = jAool2 (7) 

Due to the symmetry of pipeline HK across grounding 
point J, the same conclusions hold for both sections KJ and 
HJ. 

46 km 

Dirichlet boundary 
Air 

Transmission line 
e e e 4~ km 

[iiii iii!iiiiiiii;:!:iir i!iiiiiiiiiii} :i:{i!i iii!iiiiie:il BIll I iii iilu i i:::i iiiil;ii ~iiiiiii:id: :ii i:ii!iiPii:i iilP iliiiiii:i; ::::ii:iniiii:::;i e i iiiiiiii{:;ii:;i! :iii:: i:: iii !i:: i il :!iii:iiii:ii:i{i: i :::::}iiiiii{{ie; :]:;:i ] 

iiiiiiii!iiiii ii?i I ill I i!i ! iii i  l 
Fig. 3. FEM solution domain of the examined problem 

345 



Electrical Engineering 80 (1997) 

346 

3 
Investigation of multi-layer ground influence 
The transmission line system shown in Fig. 1-2 has been 
investigated for several different configuration cases. The 
system of equations (1a-c) has been solved and MVP 
distribution is calculated for various multi-layer ground 
models. 

3.1 
Two ground layers without mitigation wires 
Suppose that in the system of Fig. la the second ground 
layer has the same properties #, p as the third ground 
layer, i.e. a two ground layer model is initially considered. 
First ground layer depth is equal to l~, while second 
ground layer thickness is equal to 23km -l~. Initially it is 
assumed that no mitigation wires are present. The influ- 
ence of each ground layer resistivity on the electromag- 
netic field and on the inductive interaction between the 
overhead transmission line and the buried pipeline de- 
pends on the depth of the first ground layer. It may be 
interesting to investigate the depth Ix from which the first 
ground layer resistivity determines almost exclusively the 
electromagnetic field and the inductive interaction. 

Initially, the first and second ground layers are assumed 
to have resistivities pl = 100 f~m (dry ground) and 
D2 ~ -  1000 f~m (rocky ground) respectively. The paramet- 
ric analysis for the first ground layer depth, concerning the 
pipeline inductive voltage VpN, is shown in Fig. 4. VpN is 
here defined as the voltage across a point P on the pipeline 
and remote earth N, when this point P lies at a distance 
z = 1000 m from J. The application of the proposed 
method for the same separation distances of Fig. 4 but for 
homogeneous ground (i.e. when the resistivities of the 
ground layers of Fig. la are p = pl = P2 =/)3) having 
resistivity p = 100 f~m or p = 1000 f~m has given the re- 
sults shown in Table 1. Comparing Table 1 calculation 
voltages V~tr with Fig. 4 curves it is evident that 

when the first ground layer depth varies between 
l~ = 10 m and l~ = 50 m, the electromagnetic field and 
the inductive interaction between the overhead trans- 
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Fig. 4. Voltage V~N as a function of the depth of the first ground 
layer of Fig. la, for a two ground layer model with resistivities 
Pt = 100 f~m and P2 = 1000 f~m. Curve A corresponds to sepa- 
ration distance d = 25 m, curve B to d - 100 m and curve C to 
d = 500 m respectively 

Table 1. Pipeline inductive voltage V~N for a homogeneous 
ground (i.e. when resistivities of the three layers shown in Fig. la 
are pt = P2 = P3 = P) and for various separation distances d. 

Separation distance d [m] p = 100 ~m p = 1000 ~m 

V~N [v] vv~ [v] 

25 202.1 266.4 
100 136.1 200.5 
500 55.2 116.2 

mission line and the buried pipeline is determined 
properly from the second ground layer resistivity. 

- for Ix = 400 m and deeper the first ground layer resis- 
tivity plays the dominant role in the electromagnetic 
field and inductive interaction influence. 

The influence of the depth of the first ground layer may 
be easily understood from Fig. 5-6, in which flux lines are 
shown for two first ground layer depths, l~ = 50 m and 
l~ = 400 m respectively. From the MVP distribution of 
Fig. 5, which is valid for a first ground layer depth l~ = 50, 
it is clear that the influence of the resistivity of the first 
ground layer on the electromagnetic field is negligible. In 
this case, the field is almost exclusively influenced by the 
resistivity of the second ground layer. On the other hand, 
from the MVP distribution of Fig. 6, which is valid for a 
first ground layer depth Ix = 400 m, the influence on the 
electromagnetic field due to the resistivity of the first 
ground layer is evident, since the field lines are now 
compressed in that layer. 

Finally, the first and second ground layers are assumed 
to have p~ = 1000 f~m and p~ = 100 f~m respectively. The 
corresponding parametric analysis for the depth of the 
first ground layer, concerning the pipeline inductive 
voltage VnN, is now shown in Fig. 7. Comparing the results 
shown in Fig. 7 and in Table 1, it can be concluded that 
when the depth of the first ground layer is greater than 
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Fig. 5. Flux lines (A = const) of the electromagnetic field, for a 
two ground layer model with resistivities Pl = 100 tim and 
P2 = 1000 f~m. The depth of the first ground layer is Ix = 50 m, 
while overhead transmission line - pipeline separation distance is 
d = 100 m 
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Table 2. Effect of the buried mitigation wires of Fig. la on the 
magnetically induced pipeline voltage VpN, for a two ground layer 
model. The depth of the first ground layer is lx = 250 m, the 
overhead transmission line-pipeline separation distance is 
d = 200 m, the bare mitigation wires have a radius equal to 5 mm 
and they are located at a distance equal to 1 m right to the pi- 
peline centre 

Number of Pl = 100, P2 : 1000 Pl = 1000, P2 = 100 
Aluminium [~m] [~m] 
Mitigation Wires 

Pipeline inductive Voltage VpN [V] 

none 114.72 111.28 
1 62.86 58.33 
2 41.08 38.20 
3 31.81 30.15 
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Fig. 6. Flux lines (A = const) of the electromagnetic field, for a 
two ground layer model with resistivities Pl = 100 tim and 
P2 = 1000 f~m. The depth of the first ground layer is lx = 400 m, 
while overhead transmission line - pipeline separation distance is 
d = 100m 

lx = 900 m, the electromagnetic field and the inductive 
interaction are determined solely f rom the first g round  
layer. 

3.2 
Two ground layers with mitigation wires 
The previous examined two ground  layer model  is further 
extended to include mitigation wires near the pipeline, as 
shown in Fig. la. The reduct ion of  voltage obtained by 
installing progressively more  bare mitigation wires, made 
of  a low resistivity and permeabili ty material such as al- 
uminium,  is shown in Table 2. From this Table it is clear 
that buried mitigation wires are very effective. This Table 
also shows that if the depth of  the first g round  layer is 
equal to 250 m, the resistivities of  the two ground layers 
have the same influence on the electromagnetic field. 
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Fig. 7. Voltage VpN as a function of the depth of the first ground 
layer of Fig. la, for a two ground layer model with resistivities 
Pl = 1000 Elm and P2 = 100 ~m. Curve A corresponds to sepa- 
ration distance d = 25 m, curve B to d = 100 m and curve C to 
d = 500 m respectively 

Finally, flux lines of  the electromagnetic field near the 
transmission line are shown in Fig. 8, when three alu- 
min ium wires are located near to the pipeline. The effect of  
vottage mitigation due to the a luminium wires is here 
easily unders tood,  since the electromagnetic field is com- 
pressed towards the faulted line. If  no mitigation wires 
were present, the magnetic field would have a y-axis 
symmetry  and flux lines in the pipeline region would be 
similar to those of  the left part  of  y-axis of  Fig. 8. 

3.3 
Three ground layers 
Consider now the three ground layer model  of  Fig. la 
having layer thicknesses tl = 10 m, t2 = 190 m and 
t3 = 22.8 km respectively. The separation distance between 
the overhead transmission line and the buried pipeline is 
equal to d = 100 m and no mitigation wires are present. A 
parametric  analysis for various resistivities of  the three 

Fig. 8. Flux lines (A = const) of the electromagnetic field near 
the transmission line, for a two ground layer model with resist- 
ivities Pl = 100 f~m and P2 = 1000 f~m. The depth of the first 
layer is lx = 250 m,  overhead transmission line - pipeline sepa- 
ration distance is d = 200 m and three aluminium mitigation 
wires exist near the pipeline 
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ground  layers, concerning pipeline's surface MVP values 
and inductive voltages VpN, is presented in Table 3. 

Table 3 in the case of  Pl = P2 = P3 = 100 f ]m shows 
pipeline inductive voltage VpN equal to 136.1 V, and in the 
case of  Pl = P2 = P3 = 1000 f~m equal to 200.5 V. These 
two cases lead to the m i n i m um  and max imum induced 
voltage values respectively. From the other results of  Table 
3 it can be concluded that MVP values and pipeline in- 
ductive voltages are influenced only by the resistivities of  
the second and the third ground layers. The corresponding 
influence of  the resistivity of  the first g round  layer is 
negligible, because h is only 10 m. 

All the above calculations have been made for a phase a 
to ground fault current  equal to 1000 A. However, MVP 
values and therefore pipeline induced voltage are pro- 
port ional  to the fault current, so the presented results may 
be easily used to predict  the inductive voltage for any fault 
current If. 

From all the previous results it is evident that resistivity 
measurements  in relative small depths, in order  to simu- 
late the inductive interaction problem using a homoge-  
neous ground, may  lead to an erroneous ground  model  
and to an inaccurate determination of  the induced voltages 
on the buried pipeline. 

4 
Conclusions 
In this paper, a numerical  method employing the finite 
element technique has been developed for the computa-  

Table 3. Pipeline's surface MVP values and inductive voltages 
VI,N, for various resistivities of the three ground layer model of 
Fig. la having layer thickness tl = 10 m, t2 = 190 m and 
t3 = 22.8 km. The separation distance in all cases is d = 100 m. 

pl [f2m] p2 [f~m] p3 [f~m] MVP [Wb/m] VpN IV] 

100 100 100 4.332E-04 136.10 
100 100 500 4.909E-04 154.22 
100 100 1 0 0 0  5.089E-04 159.88 
100 500 100 4.706E-04 147.85 
100 500 500 5.697E-04 178.98 
100 500 1 0 0 0  6.110E-04 191.97 
100 1000 100 4.756E-04 149.42 
100 1000 500 5.906E-04 185.55 
100 1000 1 0 0 0  6.229E-04 195.71 
500 100 100 4.348E-04 136.61 
500 100 500 4.944E-04 155.35 
500 100 1 0 0 0  5.144E-04 161.63 
500 500 100 4.728E-04 148.55 
500 500 500 5.760E-04 180.98 
500 500 1 0 0 0  6.190E-04 194.49 
500 1000 100 4.778E-04 150.12 
500 1000 500 5.863E-04 184.21 
500 1000 1 0 0 0  6.351E-04 199.55 

1000 100 100 4.355E-04 136.81 
1000 100 500 4.950E-04 155.52 
1000 100 1 0 0 0  5.150E-04 161.8 
1000 500 100 4.734E-04 148,72 
1000 500 500 5.755E-04 180.80 
1000 500 1 0 0 0  6.196E-04 194.67 
1000 1000 100 4.781E-04 150.21 
1000 1000 500 5.872E-04 184.47 
1000 1000 1 0 0 0  6.382E-04 200.50 

tion of  the electromagnetic field caused by an overhead 
power transmission line above a multi-layer ground hav- 
ing buried conductors.  The method is able to compute  the 
distribution of  the magnetic vector potential in the cross- 
section of  the parallel exposure, the eddy currents in all 
conductive parts, as well as the voltages induced on the 
buried pipelines. 

Results concerning various ground models have been 
tabulated. Conclusions referring to the influence of  the 
g round  structure on the induced voltage levels are pre- 
sented. The performance of  bare mitigation wires is also 
investigated. It is concluded that a multi-layer ground 
model  is essential for an accurate computa t ion of  the in- 
ductive interaction and for the effective design of  mitiga- 
t ion systems. 
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