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Abstract-- This paper proposes a tower-foot grounding system
model compatible with EMT programs which might be useful for
the simulation of lightning transients in overhead lines. The
proposed model is based on the solution of the telegrapher’s
equations and the application of the classical Marti’s
transmission line model. The model is implemented in the
Alternative Transients Program (ATP) and validated considering
a benchmark electromagnetic model. Its accuracy is evaluated
and shown both in terms of the simulated ground potential rise
(GPR) and line overvoltages developed through the insulator
strings due to lightning currents. Finally, the model accuracy is
also demonstrated in terms of the line backflashover outage rate.
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. INTRODUCTION

OR most overhead power transmission lines (TLs),

lightning is the primary cause of unscheduled
interruptions [1]. The assessment of the lightning performance
of overhead TLs involves the calculation of the minimum
lightning currents causing insulation flashover for strikes to
phase conductors (shielding failure flashover) and to towers
and shield wires (backflashover) [2]. Although the tower-foot
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grounding system does not affect the occurrence of shielding
failure flashover, it does affect the backflashover by markedly
changing the amplitude and steepness of the resulting
overvoltages across line insulators [3].

Typically, the assessment of the lightning performance of
transmission lines is carried out using time-domain transient
simulators [4], [5]. Such platforms, however, do not have
specific models for the tower-foot grounding system. Thus, in
most cases, the grounding system is normally modeled simply
as a lumped resistance. This approach disregards the
frequency-dependent behavior of grounding input impedance
which might be important in lightning transients [6]. An
alternative and more accurate approach is the determination of
the frequency-dependent response of the tower-foot grounding
externally using an electromagnetic field approach and then
including it in the time-domain simulator through a pole-
residue representation [7], [8]. This second approach,
however, is more laborious and time consuming. A third
approach, which balances accuracy and computational effort,
is the representation of the grounding electrodes as a buried
transmission line. This approach, however, is generally used
only for representing simple arrangements such as single
horizontal or vertical grounding electrodes [9], [10]. In [11], a
pi-equivalent circuit model was proposed to represent general
grounding system arrangements of transmission lines, based
on an accurate circuit model and an optimization procedure to
determine the pi-circuit parameters. Recently, the tower-foot
grounding modeling through a lumped resistance with the
same value as the so-called grounding impulse impedance was
also suggested [3].

In this paper, a tower-foot grounding model based on the
solution of the telegrapher’s equations is proposed and
implemented in the Alternative Transients Program (ATP)
using the classical Marti’s transmission line model [12]. The
accuracy of the proposed model is evaluated using an
electromagnetic model as a benchmark. The obtained results
serve as a basis for implementing an electrical grounding
component in time-domain simulators which might benefit the
industry, allowing more accurate simulations of lightning
overvoltages in overhead TLs. Thus, the main novelty of this
paper consists in the use of a stable model widely available in
EMT-type platforms, namely the FDLine model or Marti's
model, to simulate the transient response of grounding
electrodes together with other electrical system components.

This paper is organized as follows. In Section Il the case
study consisting of a 138-kV line is presented. The proposed
model for the tower-foot grounding system, along with its



implementation in ATP and validation using a benchmark
electromagnetic model, is presented in Section Ill. In Section
IV the proposed tower-foot grounding model is applied to
assess the lightning performance of the studied transmission
line. Finally, Section V presents the main conclusions of the
paper and makes a summary of it.

Il. CASE STUDY

In the developments of this work, a case study
corresponding to a typical 138-kV transmission line is
considered. Fig. 1 shows the tower geometry, taken from [8],
which has one ACSR conductor per phase (LINNET) and one
3/8" EHS shield wire.
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Fig. 1. Tower geometry of the tested 138-kV line [8].

In the analysis of the lightning performance of overhead
TLs, the response to first return stroke currents associated with
downward flashes is the most relevant aspect [5]. In the
simulation results presented in this paper, the current
waveform shown in Fig. 2 is assumed. This waveform is
modeled as the sum of Heidler’s functions, as detailed in [13],
and closely reproduces the median parameters of downward
negative first return strokes measured at Mount San Salvatore
station [14], which is assumed as the international reference
for lightning-related studies [15]. The first-stroke current is
characterized by a peak value of 31 kA and a virtual front time
(calculated as the time between 30% and 90% of its peak
value, divided by 0.6) of 3.8 ps.
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Fig. 2. Representative lightning current waveform of first strokes measured
at Mount San Salvatore [13], [14].

I1l. TOWER-FOOT GROUNDING MODELING USING
TRANSMISSION LINE THEORY AND MARTI'S MODEL

A. Per-unit-length Parameter Calculation

Fig. 3 shows the typical electrode arrangement of the
transmission line tower grounding. It consists of four bare
conductors, known as counterpoise wires, that are buried on a
depth h and are laid parallel to the surface of the earth. The
grounding electrodes start from the tower legs at a 45 degrees
angle. After reaching a length ¢, they change their direction
and become parallel to the right-of-way. The length £, of the
counterpoise wires running parallel to each other is adjusted to
maximize the effectiveness of the grounding system according
to the soil resistivity value. This means that the total length
¢ =¥, + ¢, of each counterpoise wire is set such that the
effective length of the grounding system is not exceeded.
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Fig. 3. Tower-foot grounding.

From a theoretical standpoint, the four counterpoise wires
are electromagnetically coupled and therefore a rigorous
electromagnetic model should be used for their representation.
However, a transmission line model may be adopted as long as
some assumptions are made. First, the symmetry of the
problem is taken into consideration and only the wires at one
side of the tower are considered electromagnetically coupled.
Second, each pair of wires is modeled using an equivalent
uniform transmission line representation characterized by the
following equations
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where V and I are voltage and current vectors of size 2x1,
Z; and L are 2x2 matrices respectively containing the internal
impedance of the conductors and the external inductance per
unit length, G and C are 2x2 matrices respectively containing
the shunt conductance and capacitance per unit length and w
is the angular frequency.

Matrix G is the inverse of the shunt resistance matrix R,
whose main-diagonal elements Rg are identical. These
elements are calculated using the equation proposed by Sunde
for determining the grounding resistance of a buried bare
conductor parallel to the surface of the earth [16]
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where g, is the ground conductivity, ¢ is the total
counterpoise length, h = 0.8 m is the burial depth, and r =
4.7625 mm is the counterpoise radius.
The mutual shunt resistance Ry, corresponding to the off-




diagonal elements of R is proposed here to be calculated as
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where y, = Jjwﬂo(ag + jwey) is the intrinsic propagation
constant of the ground, in which ¢ is the ground permittivity
and p, is the vacuum permeability, and d is given by
I d,?; -; d,t, 5)
where d; = (b + d)/2 is the average horizontal separation
between the diagonally oriented parts of the grounding
electrodes, d, = d = 20 m is the total electrode separation,
and b =6 m is the tower base width. The exponential term is
introduced in (4) to account for the propagation delay in the
transversal direction. Once R is determined with (3) and (4),
the shunt conductance and shunt admittance matrices per unit
length are simply calculated as G = R™* and C = (e4/09)G
[17].

It is worth mentioning that expression (4) for calculating
the mutual shunt resistance, except for the exponential term,
has been shown to be a good approximation for calculating the
mutual effects between parallel electrodes with geometry as
illustrated in Fig. 3, based on comparisons with several other
models available in the literature [18], [19]. This expression is
obtained from (3) by replacing the conductor radius by the
distance between the electrodes and the depth by the average
depth of the electrodes.

The internal impedance Z; in (1) is a diagonal matrix that
can be usually neglected in grounding impedance calculations.
However, it was included for completeness considering the
exact solution for the internal impedance of a solid cylindrical
conductor [20]. Finally, the diagonal elements Lg of matrix L
are calculated using [17], [21]
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while the off-diagonal elements L,, of L, following an
approach that is similar to the one adopted to compute the
mutual shunt resistance, are proposed here to be calculated as
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It must be noted that only the length £, related to the

extension of the grounding electrodes that run parallel to each
other is considered in (7). Moreover, the distance between the
electrodes is that between the parallel section (d) and not the
average horizontal separation (d). This is so because the non-
parallel sections of the counterpoise wires are orthogonal and
therefore not magnetically coupled. As in (4), equation (7)
includes an exponential term that accounts for the propagation
delay in the transversal direction. Since equations (3)-(7)
assume a homogeneous ground, the ground conductivity in (3)
and (4) should be viewed as an apparent value intended to
represent a multilayer ground equivalently. For representing a
multilayer ground structure in detail, equations (3)-(7) should
be modified accordingly.

As discussed in [22], the transmission line approximation
should be valid for buried wires provided the ground-return
currents are confined in a region delimited by the wavelength

in the ground. The following approximate expression is
proposed in the same reference to determine the frequency
limit, in Hz, below which the transmission line approximation
should be valid
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where &, is the ground relative permittivity and c is the
speed of light. Equation (8) predicts an inverse relationship
between the ground resistivity p, = 1/0, and fp., . For

example, for a constant ground resistivity of 250 Qm and a
ground relative permittivity of 10, this expression leads to
fmax = 22 MHz, which greatly exceeds the range of
frequencies expected to occur in lightning overvoltages. If the
ground resistivity is increased to 5000 Qm, this frequency
limit is reduced to 1.1 MHz, which still covers the range of
frequencies in which the bulk of the lightning energy is
confined. If a more realistic frequency-dependent soil model is
used, these limiting values will increase due to the reduction
of the soil resistivity with frequency. This indicates that (1)
and (2) can be used to model counterpoise wires with
sufficient accuracy within the limits of transmission line
theory.

B. ATP Modeling of the Grounding Electrodes

Since the matrices G, C, Z;, and L are symmetric and
perfectly balanced, a real and constant transformation matrix
can be conveniently used to diagonalize the transmission line
equations (1) and (2) and write them in the modal domain in
exact form. By defining I = T,I,, and V = T,V ,,, where I,
and V,, are the modal-domain equivalents of I and V,
respectively, and observing that Tj, =T;® [23], the
transformation matrix T, can be simply written as

Ti= \/_17[1 —11] ®

After transformation to the modal domain, equations (1)
and (2) can be accurately solved in the time domain using
Marti’s transmission line model [12] implemented in ATP.
However, there is no model in ATP to calculate the per-unit-
length parameters considering the equations presented in the
previous section. For this reason, the line parameters were
calculated in Matlab. The rational fitting of the characteristic
impedance and propagation function of each mode required in
Marti’s model was also performed in Matlab. This was done
using the vector fitting technique [24] considering real poles
only. The poles and residues obtained from the fitting as well
as the transformation matrix T; were written as a text file with
the extension .pch and coupled with ATP following the
approach described in detail in [25]. Using this approach, each
pair of counterpoise wires shown in Fig. 3 can be modeled in
ATP as a two-phase transmission line with Marti’s model.

C. Model Validation

To demonstrate the validity of the transmission line
modeling of the counterpoise wires using the approach



proposed in this paper, simulations were performed
considering the realistic current waveform shown in Fig. 2. In
the simulations, the sending ends of the four counterpoise
wires shown in Fig. 3 were connected to a single virtual node
representing the tower bottom. An ideal current source
injected the lightning return-stroke current at this node and the
resulting ground potential rise (GPR) was calculated. Five
low-frequency values of ground resistivity were considered,
namely 250, 500, 1000, 2500, and 5000 Qm. In all cases, the
ground resistivity and permittivity were assumed to vary with
frequency according to the Alipio-Visacro model [26]. The
total length of each counterpoise wire was changed so that the
effective length corresponding to each ground resistivity was
not exceeded. The considered values are listed in Table I.

TABLE |
LENGTH OF THE COUNTERPOISE WIRES AS A FUNCTION OF LOW-FREQUENCY
GROUND RESISTIVITY
pg (Qm) | 250 | 500 | 1000 | 2500 | 5000
£ (m) 15 25 40 55 80

Figs. 4 and 5 illustrate the absolute values of the modal
characteristic impedance and the modal propagation function,
respectively, associated with the counterpoise wires for
ground resistivities of 250 Qm and 2500 Qm. Also shown in
the figures are the fitted curves obtained with the vector fitting
technique. These values were selected because they
demonstrate the overall behavior of both parameters for the
conditions indicated in Table I.

In general, a good agreement is observed in Fig. 4 and Fig.
5 between the original and fitted curves. However, the fitting
of the model parameters with real poles as required in the ATP
implementation of Marti’s model becomes increasingly
difficult with increasing values of ground resistivity and
frequency. For this reason, although the fitting for the 250-Qm
and 500-Qm soils could be performed up to 10 MHz, for
ground resistivities equal to or greater than 1000 Qm the
fitting had to be limited to 1 MHz for best accuracy.
Nevertheless, the performance of the grounding models was
not severely affected because most of the energy associated
with the return stroke current of Fig. 2 (and most lightning
currents, in general) is well below 1 MHz.

Model passivity was checked by assuring that [27]

eig((Y, +YM)/2)>0 vs, s=jo (10)
where Y,, is the nodal admittance matrix calculated from the
fitted propagation function and characteristic admittance of the
line, and superscript ‘H’ corresponds to the Hermitian of a
matrix. In all cases indicated in Table I, the inequality in (10)
was confirmed for frequencies up to 10 MHz even if the
model was accurately fitted up to 1 MHz only. This was done
to investigate the occurrence of out-of-band passivity
violations. In none of the cases any passivity violation was
identified.

Fig. 6 illustrates the GPRs calculated with the implemented
grounding models. Also included in the figure are voltage
waveforms calculated using the hybrid electromagnetic model
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Fig. 4. Absolute value of the modal characteristic impedance Z.(®) of the
counterpoise wire model for soil resistivities of (a) 250 Qm and (b) 2500 Om.
Black solid lines: original curves; red dashed lines: fitted curves.
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Fig. 5. Absolute value of the modal propagation function A(w) of the

counterpoise wire model for soil resistivities of (a) 250 Qm and (b) 2500 Qm.
Black solid lines: original curves; red dashed lines: fitted curves.

(HEM) [28], which provides a rigorous solution to the
problem by considering the electromagnetic coupling of a
system of arbitrarily oriented electrodes in the solution of the
scalar potential and magnetic vector potential equations
derived from Maxwell’s equations. As discussed in detail in
[29], its acronym HEM reflects the hybrid electromagnetic-
circuit approach of the model, since its formulation is based on
EM theory to compute the coupling among grounding
electrodes from a numerical implementation of basic EM
equations (including propagation effects) and its results are
expressed in terms of circuital quantities such as voltages and
currents. It is noteworthy that the HEM model was extensively
validated considering experimental results of the impulse



response of different grounding configurations [30], [31].

As seen in Fig. 6, the agreement between the waveforms
calculated with the different methods is excellent in all cases.
The most significant deviations are observed for the 250 Qm
ground resistivity. However, they do not exceed 5% in terms
of the GPR peak, as shown in Table I. For the high-resistivity
soil cases, which are more determinant for the estimation of
the backflashover rate of the line, the deviations observed tend
to reduce. This demonstrates the validity of the proposed
counterpoise wire modeling approach using transmission line
theory combined with Marti’s model in ATP.
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Fig. 6. GPRs developed by the tower-foot grounding system in response to
the injection of the current shown in Fig 2 considering the proposed TL line
model and the HEM model, and soil resistivities of (a) 250 Qm, (b) 500 Om,
(c) 1000 O&m, (d) 2500 Om, and (e) 5000 Qm.

TABLE |

PEAK VALUE OF THE GPR
p (Om) 250 | 500 | 1000 | 2500 | 5000
Vp (KV)
Martro L model | 212 | 288 | 390 | 691 | 906
Vp (KV)
HEM model | 223 | 293 | 387 | 688 | o11
Al (%) 49 |17 ] 08 | 04 | 05

D. Comparison with the Gatta et al.’s Model

To further assess the applicability and the accuracy of the
proposed model, the results it provides are compared with
those obtained using a previous model available in literature.
In [11], a pi-equivalent circuit, as shown in Fig. 7(a), is
proposed to simulate the transient response of typical
grounding configurations of lItalian transmission lines. The
parameters of the pi-circuit are estimated by an optimization
procedure, taking as reference a full circuit model.
Considering the configuration shown in Fig. 7(b), and constant
ground parameters with p, = 1000 Q and &, = 35, the
following parameters were determined [11]: R, = 34.122 Q,
R, = 43.266 Q, C;, =3.32 nF, C, =9.00 nF, R =0, and
L =12.50 pH. The voltage-controlled current sources G,
and G, accounts for soil ionization and were not considered
in this paper.

25m

$5m

®Rodsof 1.4 m
(b)

Fig. 7. (a) Pi-equivalent circuit model. (b) Grounding system composed of
four horizontal conductors made of strap iron (40 mm x 4 mm) buried at 0.8
m depth. In the proposed model, the length of the rods connected at the end
were incorporated into the total length of the horizontal electrodes.

Fig. 8 compares the GPRs calculated with the proposed and
the pi-circuit models in response to the current waveform
depicted in Fig. 2. In the case of the proposed model, two
curves are presented, one considering and the other
disregarding the exponential term in (4). For comparison
purposes, the result obtained with the HEM reference model is
also included. In general, the obtained results are in good
agreement. If the exponential term is considered a small
difference of around 4% between the peaks of the GPRs
computed using the proposed and the pi-circuit models is
observed, although the former leads to better agreement with



the HEM model. Along the tail, the models are nearly
coincident, which indicates that they basically lead to the same
value of the low-frequency grounding resistance.
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Fig. 8. Comparison between the simulated GPRs developed by the
grounding system shown in Fig. 7(b) in response to the current shown in Fig.
2, considering the proposed model and the pi-circuit model proposed in [11].

Finally, it should be noted that, although the model
proposed here has been applied to evaluate the typical
grounding configuration of TL towers illustrated in Fig. 3, it
can be applied to other grounding arrangements as long as
they can be approximately represented by parallel conductors.

IV. ASSESSMENT OF THE LIGHTNING PERFORMANCE OF THE
TRANSMISSION LINE

In order to further demonstrate the applicability and
accuracy of the tower-foot grounding model, the lightning
performance of the transmission line in terms of its outage rate
is assessed in this Section. The transmission system is
modeled in ATP and the resulting lightning overvoltages due
to a direct strike to the tower are computed considering two
grounding models, one based on the transmission line theory
as proposed in this paper and the other based on the rigorous
representation provided by HEM. Finally, the estimated
outage rates are computed and compared.

A. Modeling of Transmission Line Components

As detailed in [8], the tower geometry depicted in Fig. 1
was divided into four sections connected in cascade, each one
modeled as a single-phase distributed-parameter line. Each
section is represented by four vertical parallel conductors, and
the equivalent surge impedance of the associated single-phase
line is computed applying the modified Jordan’s formula [32].
The following surge impedances were obtained for each
section from the bottom to the top of the tower: Z; = 121 Q,
Z,=171Q, Z; =223 Q,and Z, = 272 Q.

The simulations assume direct lightning strikes to the top of
a central tower of the system and five spans at each side of the
strike point are considered. Each span is represented as an
untransposed line  section with distributed/frequency-
dependent parameters. Long lines are connected to the last
towers of each side to avoid reflections that could affect the
simulated overvoltages along the struck tower. Fig. 9 depicts a
schematic representation of the simulated system.

The tower-foot grounding system is modeled in two
different ways. One is the model described in Section IlI,
which considers Sunde’s equations applied to bare buried
conductors along with Marti’s line model (labeled henceforth
as “Marti’s TL model”). The other model, assumed as a
benchmark, corresponds to the grounding system

representation by its frequency-dependent input impedance
computed using the accurate electromagnetic model (labeled
henceforth as “HEM model”) [28]. In this work, this
impedance is calculated in a frequency range from 1 Hz to 10
MHz and incorporated in the ATP time-domain simulations
through an equivalent circuit as detailed in [7], [8], [33].

long lines.. ...

... long lines

\ 2,=272Q
\

\
\2;=2230Q
\
\
\2=171Q
\
\
\Z=121Q
2

Tower-foot

grounding Zjo)

Fig. 9. Schematic reﬁresentation of the simulated systém corresponding to a
direct strike to the top of a tower flanked by adjacent towers (only two
represented in the figure).

B. Simulated Overvoltages

Fig. 10 shows the lightning overvoltages across the lower
phase insulator of the line, which is the critical phase, in
response to a direct strike at the tower top considering the
median first stroke current of Fig. 2. The lightning
overvoltages were determined considering the two tower-foot
grounding models investigated in this paper.

The results indicate an excellent agreement between the
simulated overvoltages considering the proposed grounding
model based on transmission line theory and the HEM model.
As shown in Table Il, the differences between the peak values
(Vp) of the simulated overvoltages using the two different
approaches for the tower-foot grounding modeling are less
than 3% and show a slight increase with increasing soil
resistivity. This steams from the fact the overvoltages across
line insulators are markedly influenced by the tower-foot
impedance, notably by the reflection coefficient at the bottom
of the tower given by I'= (Z; — Z;)/(Zs + Z7), where Z;
is the tower-foot grounding impedance and Z;, is the tower

surge impedance. The relative sensitivity of the reflection
(ar/az¢)

coefficient, , increases with Z;; thus, it is more

sensitive in case of high-resistivity soils, which are associated
with higher values of tower-foot impedance. Thus, even small
deviations observed between the two grounding models for
high-resistivity soils, as shown in Section I11-C, can lead to
larger percentage differences between the simulated peak
overvoltage values developed across the insulator strings.
Anyway, the observed errors are quite small and are within the
uncertainties present in the estimation of the lightning
performance of transmission lines.

Finally, it is noteworthy that a good agreement between the
simulated overvoltages is observed not only along the front of
the waveforms, but also along their tails. This indicates that
the proposed tower-foot grounding model may be also suitable
for lightning studies involving energy stress, such as the
energy dissipated by surge arresters [34].
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Fig. 10. Lightning overvoltages developed across the lower line insulator,

considering the proposed TL line model and the HEM model, and soil
resistivities of (a) 250 Qm, (b) 500 Qm, (c) 1000 Om, (d) 2500 Om, and (e)
5000 Om.

TABLE Il
PEAK VALUE OF THE OVERVOLTAGES ACROSS THE LOWER INSULATOR

p (Qm) 250 | 500 | 1000 | 2500 | 5000

Vp (kV)

Marti’s TL model 353 | 381 | 414 476 512

Vp (kV)

HEM model 356 | 382 | 411 470 498
|A] (%) 0.8 | 0.3 0.7 1.3 2.8

C. Backflashover Rate of the Line

The main parameter that measures the TL performance is
its outage rate per 100 km per year. To compute this rate,
results similar to those shown in Fig. 10 were obtained by

varying the peak current amplitude. For each peak current
value, the integration method was applied to the impinging
overvoltages across the line insulators to check whether
insulation breakdown will occur or not [35]. The peak value of
the lightning current that causes insulation breakdown leading
to line outage is called critical current I.. Then, the line
backflashover rate assuming a given value of ground
resistivity is computed as

BFRy, = 0.6 x N, X P(Ip > I¢y.) (12)
where BFR, is the backflashover rate considering a ground
resistivity p,, P(Ip > I¢) is the probability of the lightning
peak current being greater than the minimum current that
causes insulation breakdown, the factor 0.6 is used to
disregard the effect of strokes along the span, and N; is the
expected number of flashes to the line per 100 km per year.
Finally, the global line backflashover rate is given by

Np

1
BFR = N;Z:l BFR,, X N (12)
where N, is the number of sections into which the line is
divided with representative resistivity p, , N, is the
percentage of towers located in a section with resistivity py,
and N=N; +N,+ -+ N, =100. More details on the
calculation of line outage rate can be found in standards [1],

[5].

Table 111 presents the results of the expected backflashover
rate, assuming four different possibilities of ground resistivity
distributions along the line route and considering the two
approaches for tower-foot grounding modeling. The results
were obtained considering the Berger’s cumulative peak
current distribution [14], [15] and a normalized ground flash
density of 1 flash/km?/year. The parameter A in the table
indicates the absolute percentage differences between the
results obtained considering the two tower-foot grounding
models.

TABLE Il
ESTIMATED BACKFLASHOVER RATES
Percentual distribution of soils

S with different resistivity BFR
8 i<sion A
g along the transmission line route (%) %)

= ()
Z | 250 | 500 | 1000 | 2500 | 5000 | TL-Marti’s | HEM

model model

1 30 40 30 0 0 0.62 0.63 1.6
2 0 0 40 30 30 2.03 1.97 3.0
3 20 20 20 20 20 1.47 1.45 1.4
4 10 25 30 25 10 1.36 1.33 2.3

According to the results, a good agreement between the
estimated backflashover rates, considering the two approaches
for the tower-foot grounding modeling, is observed. Notably,
this good agreement is observed for all considered ground
resistivity distributions which describe different scenarios. For
instance, distribution 1 comprises soils of low and moderate
resistivity, while in distribution 2 soils of high resistivity
predominate. Distribution 3 describes a uniform ground
resistivity scenario and distribution 4 presents a symmetry of
ground resistivity values around 1000 Qm.



V. CONCLUSIONS

This paper proposes a model for tower-foot grounding
systems based on the application of transmission line theory
and Marti’s model. The good accuracy of the proposed model
is demonstrated using an electromagnetic model as a
benchmark. The model is implemented in ATP, allowing the
simulation of lightning overvoltages using models already
available on this platform. It is shown that good results are
obtained both along the front and tail of the overvoltage
waveforms. This suggests that the proposed model can be
conveniently used in general lightning transient studies
without incurring in significant errors. Although a typical
tower-foot grounding configuration composed of horizontal
counterpoise wires was taken as reference, similar conclusions
could be drawn for an arrangement composed of vertical rods,
for instance. More importantly, the proposed model is EMT-
program compatible, and might support the implementation of
an electrical grounding component in time-domain simulators.
Finally, since voltages and currents are readily available at
both ends of the counterpoise wires, short grounding sections
could be cascaded for determining current distributions
required for calculating electromagnetic fields in the vicinity
of the grounding electrodes, or for allowing multiple current
injection points.
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