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of the  tower,  assuming  that  a standard  grounding  electrode  is  buried  as  the  main  part  of  the  grounding
installation.  The  effect  of  structural  elements  on grounding  resistance  is  discussed  and  a quantitative
estimate  of  this  effect  is evaluated.
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quivalent surface charge distributions

. Introduction

Certain types of towers for power transmission lines are
nstalled in the ground with a foundation that is introduced into
he soil to a significant depth, containing a part of the metallic
ower structure, all forming a compact cubic block of concrete in
ontact with the conductive surrounding soil. Standard ground-
ng electrodes are used as the main part of the grounding system,
dapting their type and form to the operating range of the power
ine [1]. Finally, to avoid high potential gradients that would occur
ear the tower in case of current fault, an “equipotential platform”

s usually added around the tower, which consists of a platform
ade of concrete, inside which a metallic grid is placed. This grid

s usually connected to the metallic structure of the tower itself,
he latter being electrically connected to the grounding electrode
uried into the soil. The result is a flattening of the contact poten-
ial profile on the platform in case of fault. However, the grounding
ystem of the tower has become complex because it consists of

 set of three interconnected conductors, which are immersed in
onductive media of different nature and properties, namely, on
he one hand, the metallic grid of the platform and the metallic
tructure of the tower, that are forming a regular concrete block

unk into the ground, and on the other hand, the grounding elec-
rode buried into the soil. The objective is to simulate in a suitable

anner a system consisting of three electrodes, two of which are

∗ Corresponding author. Tel.: +34 913367686; fax: +34 3366850.
E-mail addresses: eduardo.faleiro@upm.es, efalus@gmail.com (E. Faleiro).

ttp://dx.doi.org/10.1016/j.epsr.2016.02.021
378-7796/© 2016 Elsevier B.V. All rights reserved.
immersed in a finite volume of material which has low electri-
cal conductivity such as concrete, which in turn is surrounded
by a semi-infinite volume of material with higher conductivity,
where the third electrode is placed, that is, the soil. The three
electrodes are interconnected so as to have the same electric poten-
tial. Thus, the effect of the platform and the tower foundations
on the grounding resistance of the tower can be appropriately
studied.

The analysis of grounding systems buried in soils composed
of finite volumes of different conductivities such as the sys-
tem of electrodes placed in different electric media appearing
in this paper, falls into the problems studied by electromag-
netism in inhomogeneous media [2,3]. When the semi-infinite
medium is composed of horizontal or vertical layers of infi-
nite extension, the image theory and similar approaches can
be applied to find an approximate solution [4–6]. In this case,
it is not possible to do so, because the interface between the
two existing electrical media, though fairly regular, is not lay-
ered, but instead is composed of finite volumes of different
conductivities.

In this paper, we will address the problem through the so-called
equivalent surface charge distributions (ESCD) [7,8], which pro-
poses to replace the influence of the interface between the different
electrical media for surface current distributions to the surrounding
medium, so that the boundary condition is satisfied at the inter-

face, namely, the conservation of the normal component to the
interface surface of the current density J1n = J2n, �n being the unitary
normal vector to the interface when crossing from medium 1 to
medium 2.

dx.doi.org/10.1016/j.epsr.2016.02.021
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2016.02.021&domain=pdf
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mailto:efalus@gmail.com
dx.doi.org/10.1016/j.epsr.2016.02.021
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Although the ESCD was originally applied to calculate capaci-
ances [9–11], the method, with some modifications, will be used
n this paper to calculate the current delivered by each electrode
nd the common potential to all of them, being able to eventu-
lly estimate the grounding resistance of the tower composed by
he three electrodes previously described. The dependency on the
ower grounding resistance with the ratio between the conduc-
ivities of the two involved media will be also investigated. As an
pplication, the resistivity changes associated spatial and tempo-
al variability [12] of soil and structural elements on the grounding
esistance can be evaluated through the aforementioned ratio.

With this general approach, the paper is organized as follows:
fter the introduction to the problem in this section, the theoretical

oundation and calculation scheme that has been used is developed
n Section 2. In Section 3, the complete modelling of the tower
rounding system and the numerical procedure used to find an
pproximate solution to the problem is presented. Results and rec-
mmendations for a better design adapted to the actual conditions
f such towers are addressed in Section 4. Finally, the conclusions
f this work are summarized in Section 5.

. Theoretical background

The problem of finding the potential profile, step, touch and
esh voltages created by a system of conductors in mutual inter-

ction, immersed in an electrically inhomogeneous medium can
ssentially be solved by finding a solution of

�
 • (�(�r) · �∇�(�r)) = 0 (1)

where, �(�r) is the conductivity function and �(�r) the potential
hat satisfies a set of boundary conditions which define univocally
he configuration of the conductors, their electrical state and the
roperties of the inhomogeneous medium.

We assume that there exist NC conductors of surfaces SCi
, located

n a semi-infinite medium horizontally bounded by the ground
urface G. It is assumed that the whole semi-infinite medium is
lobally inhomogeneous, but consists of NR finite size volumes of
onstant conductivity and surface SIj , immersed in a homogeneous
emi-infinite medium of different conductivity, as is schematically
llustrated in Fig. 1.

The conductors may  be independent or electrically intercon-
ected. For each region R where, conductivity is a constant, the
quations that needs to be solved are

��R = 0

�R(�r)
∣∣
�r ∈ SCi

= Vi

�n • �∇�R

∣∣
G

= 0

�R(�r)
∣∣
SI

= �R′ (�r)
∣∣
SI

�R
�∇�R(�r) • �n

∣∣
SI

= �R′ �∇�R′ (�r) • �n
∣∣∣
SI

(2)

The last two equations in Eq. (2) express the continuity of both
he electric potential and the current density flow through the
nterface SI, separating the R and R′ regions of constant conduc-
ivities �R and �R′ . The vector �n(�r) is a unitary vector normal to SI
long R–R′.

Using the second Green identity, Eq. (2) can be converted to

n integral form where the sources of the potential �R are surface
urrent distributions on all the conductors of the system �Ci

, and
urface current distributions �Ij on all the interfaces Ij, separating
egions of different conductivity, the core of the ESCD approach
Fig. 1. Pictorical representation of a complex system of interacting electrodes in an
inhomogeneous piece-wise medium.

[7–11],

�(�r) =
∑

i

∫
Ci

�Ci
(�ri)dSi

4��i

∣∣�r − �ri

∣∣ +
∑

j

∫
Ij

�Ij (�rj)dSj

4�kj

∣∣�r − �rj

∣∣ i = 1, . . .,  NC;

j = 1, . . .,  NI (3)

where, NC is the number of conductors in the system and NI is the
number of different interfaces separating the different conductive
media.

Eq. (3) is valid for all the regions R where, the conductivity �i is
a constant and kj is given by kj = �−�+/�− − �+, where, �− and �+

account for conductivities at both sides of the interface Ij.
The surface current distributions �Ci

and �Ij can be calculated
by imposing the boundary conditions on all the conductor surfaces
SCi

and density current fluxes continuity along all the interfaces
SIj

�(�r)
∣∣
SCi

= Vi i = 1, . . .,  NC

�−(�r) �∇�−(�r) • �n
∣∣
SI

= �+(�r) �∇�+(�r) • �n
∣∣
SI

(4)

where, symbols subscripted with + and – denote the values on
either side of the interface and the unitary normal vector �n  point-
ing from region – to region +. The continuity of current density
flux through the interface surface separating the two  media, as
expressed by the last Eq. (4), means that although the potential is
continuous in the interface, the normal component of the potential
gradient at the interface surface is discontinuous. The discontinuity
can be expressed by the following equation [7–11],

�Ij (�r)

kj
+ 2K

⎡
⎢⎢⎢⎣

∑
i

∫
Ci

�Ci
(�ri)

4��i

�∇(
1∣∣�r − �ri

∣∣ ) • �n dSi

+
∑

j

∫
Ij

�Ij (�rj)

4�kj

�∇(
1∣∣�r − �rj

∣∣ ) • �n dSj

⎤
⎥⎥⎥⎦ = 0

i = 1, . . .,  NC; j = 1, . . .,  NI (5)

where, point �r  belongs to the Ij interface and point �rj = �r is
excluded in the integrand of the second integral term of Eq. (5).
The prefactor K is defined by K = �+ − �−

�+ + �− , where, as before, �− and
�+ account for conductivities at both sides of the interface Ij. Note
that for convenience, in this theoretical framework the variables

�Ci
�i

and
�Ij
kj

(A � m−1) are chosen as unknowns to be computed, but

the really important variables are the densities �Ci
and �Ij (A m−2).
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Fig. 2. Grounding system of the transmission line tower as is theoretically de

. Modelling the tower grounding system

The actual grounding system configuration of the towers that
re the object of this study are shown in the two panels of Fig. 2.
hey show two structural elements of the tower that are: (A) foun-
ations, penetrating the soil, which contains a part of the tower
etallic structure, all in a cubic shaped concrete block, (B) a hor-

zontal platform at ground level, which contains a meshed flat
etallic structure, that is electrically connected to the ground elec-

rode and also made of a cubic block of concrete. This platform will
e referred to as equipotential platform, because, as will be seen

ater, it flattens the ground potential rise due to a current flowing
o the ground.

The two structural elements described above constitute the
olume medium M1, of finite size and characterized by a low
onductivity, completely surrounded by the volume medium M2,
he semi-infinite ground of moderate conductivity. The type of
latform and the grounding electrode of this class of towers are
eing used in the framework of the TABÓN Project,  a research
roject sponsored by the companies Iberdrola Distribución, Iber-
rola S.A.  and ATISAE,  and funded by the EEA grants and Norway
rants.
Together with the structural elements, Fig. 2 also shows the
rounding electrode in the volume medium M2. The ground-
ng electrode could be characterised by knowing the normalized
arameter Kr = V/I�, where, V is the potential acquired by the
 (left panel). An image of an experimental tower is shown in the right panel.

electrode when a current I flows to a homogeneous soil of resistivity
�. In this work, the grounding electrode, which is shown in detail in
Fig. 3, has a value of Kr = 0.1226 m−1, which means that, for example,
in a homogeneous soil of 200 � m and assuming that this is the only
electrode, would offer an electrical resistance of 24.51 �.  This value
of Kr has been obtained by various methods, including commercial
software. In particular, the same result is obtained by applying the
algorithm used in this work by imposing that �1 = �2 = 200 � m to
the system composed only by the grounding electrode, excluding
others.

In summary, we have three metallic conductors, two of them
in the resistive medium M1 composed of concrete with resistivity
�1, and the third in the resistive medium M2, the soil, with resis-
tivity �2, all electrically interconnected, delivering to the ground
a low frequency electric current I. The interface separating the
two conducting media is the surface contact between the concrete
blocks and the ground. Typical values for resistivity in the frame
of the TABÓN Project are �1 = 3000 � m and �2 = 200 � m.  How-
ever, in this paper, we  will study the dependence of the grounding
resistance with the ratio between the values of the concrete and
soil resistivity. For this purpose, we  introduce the dimensionless
parameter K� = �1/�2 and set �2 = 1 � m and I = 1 A, which allows a

much clearer evaluation of the effect of the tower structural ele-
ments by changing the value of K� .

The parameter to be varied is the ratio K� , and the nor-
malized potential KV = V/�2I is calculated so that the grounding
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Fig. 3. Grounding electrode details.
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ig. 4. The model of the grounding system of the transmission line tower. Finite
olume material M1 has resistivity �1 and semi-infinite volume M2 has resistivity
2.

esistance R is obtained by multiplying the normalized poten-
ial value KV associated to the ratio K� by soil resistivity �2,

 = KV�2. It should be noted that KV matches the previously
ntroduced parameter Kr when �1 = �2 that is, when the soil is
omogeneous.

The modelling of the system described above is performed as
hown in Fig. 4. The platform and the foundation are replaced
y two parallelepiped of concrete, the medium M1, inside which
he metallic grid and part of the tower metallic structure are
eplaced by a thin wire structure [13]. The grounding electrode in
he medium M2 is also modelled as a conductive thin wire struc-
ure with the actual shape and size. Fig. 5 is a view of the model
rom a vertical plane including a view of the platform with the

etallic grid. In the figure, the main lengths to be used in the sim-
lation are included. The metallic grid is located at the geometric
entre of the platform. Note that for simplicity, the upper side of
he platform model has been placed at ground level. For this type
f tower, this does not introduce significant changes in the calcu-
ated values, otherwise it would greatly complicate the calculations
ecause the theory of images for treating soil interface cannot be
sed.
Thin wires are easy to model as they allow to simplify many of
he formulas used in this paper. Thus, as in Eqs. (3) and (5), the inte-
rals over the conductive surfaces can be replaced by integration
long the axis of the thin wires [13]. The sources are now current
s Research 136 (2016) 154–162 157

densities �Li
along the wire axis. In summary, the equations to be

solved with these approximations are,

Vi(�r) =
∑

i

∫
Li

�Li
(�ri)dLi

4��i

∣∣�r − �ri

∣∣ +
∑

j

∫
Ij

�Ij (�rj)dSj

4�kj

∣∣�r − �rj

∣∣ i = 1, . . .,  NC;

j = 1, . . .,  NI

�Ij (�r)

kj
+ 2K

⎡
⎢⎢⎢⎣

∑
i

∫
Li

�Li
(�ri)

4��i

�∇(
1∣∣�r − �ri

∣∣ )�n • dLi+

∑
j

∫
Ij

�Ij (�rj)

4�kj

�∇(
1∣∣�r − �rj

∣∣ )�n • dSj

⎤
⎥⎥⎥⎦ = 0

i = 1, . . .,  NC; j = 1, . . .,  NI
(6)

where, Vi(�r) is the potential at any point �r  on the surface of the
thin wire Li. Eq. (6) states that there are NC equations for conductor
potentials and NI equations for the different interfaces present in
the medium. In the proposed model, there are three equations for
the potentials of the three conductors and one equation for the
interface of the two considered conductive media.

The solution of Eq. (6) is found by using the Method of Moments
(MoM)  [13,14], by carrying out a segmentation of the thin wire
axis and a triangular meshing of the interface. In this scheme of
calculation, current densities �li,j

and surface current densities �It

associated respectively with the thin wire axis segments and the
triangular patches on the interface, are supposed constant. As an
example, Fig. 6 shows a picture of the structure meshing, includ-
ing all the involved conductors, when Ntri = 1852 pieces. Using as
weight functions Dirac Delta type functions, a linear system is
obtained in the unknowns �li,j

and �It , which are the current den-
sities previously introduced.

For the proposed model in this paper, if each electrode is divided
into MLi

segments (i = 1,.  . .,3) and the interface consist of MS trian-
gular patches, Eq. (6) is written as

Vi,j =
∑
n,m

�ln,m

∫
Ln,m

dln,m

4��n

∣∣�ri,j − �rn,m

∣∣ +
∑

t

�It

∫
It

dSt

4�k
∣∣�ri,j − �rt

∣∣
i, n = 1, . . .,  3; j, m =, . . .,  NLi

, NLn

�Is

k
+ 2K

⎡
⎢⎢⎢⎣

∑
n,m

�ln,m

∫
Ln,m

1
4��n

�∇(
1∣∣�rn,m − �rs

∣∣ ) • �n dln,m+

∑
t /=  s

�It

∫
It

1
4�k

�∇(
1∣∣�rs − �rt

∣∣ ) • �n dSt

⎤
⎥⎥⎥⎦ = 0

s, t = 1, . . .,  NS
(7)

where, Vi,j is the potential on the segment j of the conductor Ci

treated as a thin wire. Vectors �ri,j defining the field point position
on the surface of the segment j of the conductor Ci, �rn,m defining the
source point position on the axis of the segment m of the conductor
Cn and single indexed vectors as �rs defining the position (centre) of
the triangular patch labelled Is. The system of NL1 + NL2 + NL3 + NS

equations is completed with other electrical conditions of the con-
ductor system, namely, equal potential of all the conductors and
the electric current delivered to the ground by the whole elec-
trode system I, which is distributed among the three electrodes

involved namely, the current flowing through the platform I1, the
current flowing through the tower foundation electrode I2 and the
current flowing through the grounding electrode I3 as shown in
Fig. 5.
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Fig. 5. General plan of the proposed model togethe

The numerical procedure has been implemented using an algo-
ithm written in Matlab by the authors, creating the appropriate
unctions for the electrode segmentation and interface meshing,
hich contain arguments to control the size of the linear segments

nd triangular patches for the estimation of errors.

. Results of the simulation

As noted in the previous section, we will perform the simulation
sing as standard value for �2 = 1 � m and considering K� values

anging from 1 to 100. For each selected K� value, the asymptotic
alue of the common electrode potential is determined, since due
o refinement of the mesh interface and electrode segmentation,
uch potential shows a significant variability.
 the value of some of the most important lengths.

Since the total current is set at 1 A, the common potential is nor-
malized according to KV = V/�2I whose value allows the calculation
of the potential for a given value of resistivity values ratio. As an
example, Table 1 shows the results of the performed simulation
for K� = 15, a typical ratio used in the frame of the aforementioned
TABÓN Project.  The table shows the currents flowing through the
platform I1, the tower foundation electrode I2 and the grounding
electrode I3, as well as the normalized common potential KV. The
segmentation of the conductive thin wires were set for convenience
to M = 30 segments for each rectilinear element of the conductor.
Although the length of the rods is not the same and therefore the

segments do not have the same length, the segment size is not rel-
evant as will be seen below. In each row of Table 1, the number
of triangular patches of the interface Ntri is given and the current
delivered by each electrode, the normalized common potential KV
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Fig. 6. The mesh of the interface separating the two  media with different electrical
properties at the resolution given by Ntri = 1852 triangles. Only the ground elec-
trode is shown while the remainder of metallic parts are hidden inside the concrete
meshed structure.

Table 1
Normalized common potential KV and leakage currents of the tree electrodes
involved in the model: the platform I1, the tower foundation I2 and the grounding
electrode I3 for K� = 15 at a given interface meshing characterised by the number of
triangles Ntri that cover the interface surface.

Ntri I1 I2 I3 KV

1852 0.08559 0.03138 0.88304 0.1141
2170 0.08468 0.03128 0.88405 0.1151
2526 0.08459 0.03090 0.88451 0.1156
2746 0.08430 0.03082 0.88487 0.1159
2988 0.08393 0.03074 0.88533 0.1164
3518 0.08324 0.03064 0.88612 0.1170
4190 0.08286 0.03071 0.88643 0.1173
4610 0.08260 0.03072 0.88668 0.1176
4978 0.08236 0.03070 0.88694 0.1178

Electric currents are given in Amperes, and normalized potential KV in m−1.

Table 2
Potential and leakage current of the main grounding electrode at a given wire seg-
mentation of M pieces per length of straight wire for K� = 15.

M I3 KV

30 0.88405 0.11506
50  0.88411 0.11502
70  0.88415 0.11500
90  0.88417 0.11498

E

o
o
r
o
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e
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N
t
p
t
s

from the grounding electrode to study again the change KV versus
K . This has been done by the authors by slightly modifying the
lectric current is given in Amperes and normalized potential KV in m−1.

f the whole grounding electrode system, is obtained as a result
f the simulation. As were mentioned above and according to [7],
efinement in the mesh interface must lead to the asymptotic value
f the normalized common potential KV, making it possible to eval-
ate the error committed by taking a specific meshing in terms of
he value of Ntri.

The effect of refinement in the segmentation of the thin wire
lectrodes on the values of the above table, is included in Table 2.
s an example, starting with an interface meshing composed by
tri = 2170 pieces, we considered four different segmentations of

he thin wires that conform the structure of the embedded grid
latform and the model of the metal base of the tower itself. Parti-

ions with M = 30, 50, 70 and 90 segments per rectilinear element
hall be considered.
s Research 136 (2016) 154–162 159

Table 2 shows only the leakage current associated to the ground-
ing electrode and the normalized common potential. As can be seen,
a weak dependence of the electrical parameters on the number of
segments in which the electrodes are divided is found. This effect
is not significant, and therefore the analysis will be focused on the
dependency of the mesh interface refinement. For this purpose,
in order to obtain a representative value of the normalized com-
mon  potential, a fit of KV versus the number of triangles Ntri = x of
the interface has been made by using the second degree rational
function,

KV = ax2 + bx + c

x2 + dx + e
(8)

Using a function of this type, it is easy to estimate such a rep-
resentative value of KV, here also called asymptotic value, when
refinement is taken to the limit. The coefficient “a” from Eq. (8),
gives us the sought asymptotic value. Fig. 7 shows such rational fit,
obtaining an asymptotic value for the normalized common poten-
tial of KV = 0.1200 m−1 in case of K� = 15. If this KV value is multiplied
by the actual fault current I, as well as by the resistivity of the soil �2,
then it matches the grounding resistance in ohms. This asymptotic
value also allows an estimate of the error when considering a spe-
cific meshing. Taking, for example, Ntri = 4978 pieces, the relative
error in KV is around 2%.

In order to study the change of KV against K� we  must find the
asymptotic value of KV for each value of K�, for which a study as
shown in Fig. 7 must be made in each case. Table 3 shows the
asymptotic values of KV according to the value of the parameter
K� . The contents of Table 3 are also graphically represented in
Fig. 8. An increase in KV with increasing values of K� is observed,
KV approaching to an asymptotic value of KV = 0.1247 m−1, that is,
the normalized potential when the platform and tower foundation
are made of zero conductivity materials and calculated in a similar
way to that employed in the study of KV versus Ntri, but now using
a simpler rational expression

KV = ax + b

x + c
(9)

where, K� = x.
Taking into account the value of KV = 0.1226 m−1 for the ground-

ing electrode when no other element is present, it can be concluded
that the influence of the structural elements of the tower (the tower
foundation and the equipotential platform with their respective
embedded metallic conductors) on the initially estimated value of
the grounding electrode resistance, result in a significant reduc-
tion in the grounding resistance of the tower. In case of K� = 15
(KV = 0.1200 m−1) it can be initially quantified in a relative decrease
of around 2% in the normalized potential, leading to a decrease, to
the same extent, in the actual grounding resistance. This percentage
increases as K� decreases, being able to reach up to a 15% decrease
in case of K� = 1. Moreover, the results obtained allow to estimate
the changes in the grounding resistance due to possible variations
in the resistivities [12] of the involved media by using Eq. (9). Thus,
for example, an increase of 10% in the K� value when this is initially
given by K� = 3 leads to a variation of 0.02% in KV. However, for this
type of tower it is not possible to ignore the effect of the founda-
tion and part of the tower metal structure embedded, as the current
flowing through the grounding electrode comes through this struc-
ture. Thus, a reference value for KV, taking only into account the
grounding electrode and the tower metal structure embedded in
the concrete block must be calculated. To study it further, some
or all conductors embedded in the concrete must be disconnected
�

initial code simulation to allow the presence of independent pas-
sive electrodes, which acquire transferred potential with no net
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Fig. 7. Rational fit according to Eq. (8), of KV in m−1 versus the number of triangles Ntri when K� = 15.

Table 3
Dimensionless K� ratio and asymptotic values of the associated normalized potential KV in m−1.

K� 1 3 5 7 9 11 13 15 19 25 30 40 100
KV 0.1057 0.1117 0.1147 0.1165 0.1178 0.1187 0.1194 0.1200 0.1208 0.1216 0.1221 0.1227 0.1240

Fig. 8. Rational fit according to Eq. (9), of the asymptotic values of KV in m−1 versus
t
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tour of the interface, thanks to the boundary condition imposed
he dimensionless parameter K� . A constant value of KV = 0.1247 m−1 is reached
hen K� tends towards infinity.

urrent flow. Fig. 9 shows up to K� = 100, the variation of KV versus
� , when all the electrodes involved are connected (continuous

ine), as is also shown in Fig. 8, when the electrode embed-
ed in the platform is disconnected (dash-dotted line) and when
ll the conductors are all independent while the current flows
hrough the grounding electrode (dashed line). The aforemen-
ioned reference value in case of K� = 15 is KV = 0.1221 m−1, thus
he most realistic relative decrease in the normalized potential is
round 1.8%, being able to reach a maximum decrease of 7% when
� = 1.

The curve shown in Fig. 9 also suggest that it might be advan-
ageous to electrically connect all the structural elements to the
rounding system to a certain value of the ratio K� corresponding
o the K value that, keeping in mind the numerical errors, is com-
V

on  to the three configurations which is around K� = 50 for this
ype of tower. Although the three configurations studied should
ive the same result for K�→ ∞,  the fact is that, due to numerical
Fig. 9. Asymptotic values of KV in m versus the dimensionless parameter K� for
the  three electrode configurations. A constant value of KV = 0.1221 m−1 is reached
when K� = 15 in case of the platform is disconnected.

errors, the asymptotic values differ less than 2%, a result that we
believe acceptable.

Fig. 10a shows the potential profile on the ground just above the
equipotential platform which surrounds the tower in case of K�=15,
�2 = 200� m and I = 10 A. The smoothing effect of the ground poten-
tial is clearly visible, although for the mesh size considered, it is far
from being really an equipotential platform. However, considering
that the structure of the tower rises from the central region of the
platform, as shown in Fig. 2, the accessible area of this structure can
be certainly considered equipotential.

On the other hand, it would be interesting to see the profile of
potential in the bulk soil next to the buried structure under the
same electrical conditions. Fig. 10b shows a potential profile in the
vertical YZ plane for X = 1.5 m,  in which is clearly displayed the con-
on the normal component of the current density. The figure also
clearly shows the profile of the metal grid platform and the points
of intersection with the YZ plane of the rods of the tower structure.



E. Faleiro et al. / Electric Power Systems Research 136 (2016) 154–162 161

Fig. 10. (a) Ground potential profile over the equipotential platform

T
r
F
t

w
e
b
a
o
s
s

a
v
c
t
m
u
t
n
t
m
t

c
b
t

influence of structural elements may  not be the one that most con-
tributes to alter the theoretical value of the grounding resistance, it
Fig. 11. Surface plot of the ground potential rise.

he cut points with the YZ plane of the grounding electrode are
epresented by dense yellow points on both sides of the structure.
inally, Fig. 11 shows a surface plot of the ground potential rise on
he platform.

For these reasons, initial design specifications of the installation,
hich initially could only consider the influence of the grounding

lectrode and possibly the influence of the tower foundation, can
e reviewed in order to optimize the design of the installation to
ccount for the possible variation in the initial operating conditions
f the grounding system. The possibility of adjusting the size and
hape of the grounding electrode could also allow significant cost
avings as they may  apply to a large number of towers.

Although it is true that there are other factors that significantly
lter the grounding resistance of these facilities such as the large
ariability experienced by the soil resistivity with environmental
onditions, temperature, humidity and general climate conditions,
he effect of the elements connected to the grounding electrode

ust be taken into account when optimizing the design and saving
nnecessary costs that do not compromise the safety of the installa-
ion. As mentioned before, the large number of transmission towers
eeded in a power line can justify the attempt to get a small savings
hrough the careful choice of grounding electrodes and structural

aterials that form the foundation and the platform in each of the
owers, ensuring in any case a proper operation.

Finally, further research is foreseen to validate all the theoreti-
al calculations in the frame of the aforementioned TABÓN Project

y means of direct measurements of ground resistance of real elec-
rodes with or without equipotential platform present.
. (b) Potential profile in the soil on the YZ plane at X = 1.5 m.

5. Conclusions

High voltage transmission line tower are connected to ground
by means of electrodes buried in the ground. Classical methods
and studies deal with the low frequency grounding resistance and
dangerous touch and step voltages calculation taking into account
only the buried electrodes, but without considering the effect of
other buried elements. In fact, in order to comply with differ-
ent regulations, especially with touch and step voltage limits, the
grounding system is completed by a concrete platform. It is built
as an equipotential shallow platform that prevents any dangerous
touch voltage. Classical methods do not consider the effect of this
platform, the tower foundation, or other structural elements buried
in the ground. This paper deals with the effect of the structural
buried elements of different resistivity on the grounding resistance
and voltage distribution in the ground around the tower. Thus, a
simplified model of the grounding system of a power transmis-
sion line tower has been proposed and, under certain assumptions,
a simulation of its operation by solving Maxwell’s equations in
inhomogeneous media has been performed. For the special case of
piecewise constant media composed of finite volumes of constant
conductivities, it is possible to solve the problem with the help of
the ESCD model by introducing unknown current distributions on
the interface, separating the medium parts with different electri-
cal properties. Original differential equations can be converted into
integral equations on the different surfaces, separating the regions
with different properties, integral equations that can be solved
numerically by the Method of Moments. The main conclusion of
this paper is a quantitative estimate of the influence of structural
elements, such as the equipotential platform and the tower foun-
dation, on the grounding resistance of the tower when compared
with the resistance that would have the grounding system in two
different situations: in the absence of any structural element of
the installation and, more realistically, when the tower founda-
tion and the embedded metal structure are taken into account.
Metallic components embedded in these structures and the mate-
rial from which they are made, are able to decrease up to between
7% and 15% the theoretical value of the initially calculated ground-
ing resistance. It is also studied the effect on grounding resistance
of electrically disconnecting the metal structure of the platform
and also to disconnect all metal parts of the system by energizing
only the grounding electrode. It is advantageous to interconnect all
the metal parts present up to some value of the resistivities ratio
from which all settings can be considered equivalent. Although the
should not be ignored but, rather added to the set of circumstances
that contribute to the high variability found in the measurements
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