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In this paper, an adaptive network fuzzy inference system (ANFIS) based
on the Takagi-Sugeno- Kang technique is used for predicting the effective
length of vertical rods buried in two-layer soils. The rods are subjected to two
typical lightning return stroke currents namely first and subsequent stroke
currents. To train the ANFIS approach, a number of input-output pairs are
computed from the multi-conductor transmission line method. The inputs are
resistivity values of the upper and lower layers, upper layer thickness and the
rise time of the lightning current. After the training process is converged, the
prediction of effective length is efficiently carried out in such soils. Also, the
comparative study with the horizontal electrode buried in two-layer soils shows
that the effective length of vertical rods is considerably less than that of the
horizontal electrodes which are financially and practically important, whereas

in single-layer soil they are different.

2322-3707 / © 2023 The Authors. Open access article under the CC BY license. (9

1 Introduction

Tower-footing grounding systems such as vertical rods
and horizontal electrodes are used to discharge light-
ning current into the soil. To achieve this aim effi-
ciently, such a device must be designed at an effec-
tive length. It is conventionally defined as a starting
length at which the slope of impulse impedance (ratio
of maxima of transient voltage and injected current)
versus the rod length is nil [1]. This definition leads to
minimizing the construction cost. Introducing closed-
form expression for the effective length is practically
of importance. This parameter is strictly dependent
on the complex nature of the lossy soil including dis-
persion [2, 3|, ionization [4], and non-homogeneity

¥ Article type: original research
* Corresponding author.

Email addresses: abagheri@msc.araku.ac.ir (A. Bagheri),
smehrabi@msc.araku.ac.ir (S. Mehrabi),
s-ostadzadeh@araku.ac.ir (S. R. Ostadzadeh)

[5], separately and simultaneously [6—3]. Hence, re-
searchers proposed formulae based on the curve-fit
techniques for single-layer, and dispersive and ionized
soils.

The only research on the two-layer soils is related
to the harmonic impedance [9, 10], and transient volt-
age [11]. Fig. 1 shows two conventional grounding
systems namely horizontal electrode and vertical rod
buried in two-layer soil. In this figure, the upper and
lower layer resistivity values and upper layer thick-
ness are given, respectively. These parameters affect
the lightning performance of such devices. Recently,
Kherif et al. [5], proposed a closed-form expression
for the effective length of horizontal electrodes buried
in two-layer soil based on combining the numerical
solution of the transmission line method (TLM) and
genetic algorithm. To the best of our knowledge, there
is no closed-form expression for the effective length of
vertical rods buried in two-layer soils. This motivates
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the authors to propose efficient formulae for the ef-
fective length of vertical rods in such soils based on
the adaptive network fuzzy inference system [12]. As
reported in the literature, ANFIS is very efficient in
comparison with other intelligent methods such as
conventional fuzzy inference systems (FIS) [13—15].
During the last ten years, ANFIS has been applied
in electromagnetics for instance resonance frequency
and radiation resistance of various microstrip anten-
nas [16-19]. Further information about ANFIS in de-
tail is given in the next section.
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Fig. 1. Two typical grounding systems buried in
two-layer soil, (a) horizontal electrode, and (b) vertical
rod.

To create the ANFIS approach, a number of input-
output pairs are needed in which the inputs are resis-
tivity of upper and lower layers, upper layer thickness,
and rise time of the injected current to rod/electrode
while the effective length is the output. In this pa-
per, they are computed from the multi-conductor
transmission line method (MTL) [20]. The validity of
MTL for computing the effective length of ground-
ing electrodes has been recently investigated in [21].
Although this modeling approach is efficient to com-
pute effective length it should be solved iteratively
for different values of the rod length up to a start-
ing length at which the slope of impulse impedance
versus the rod length is nil.

Also, to include the rise time effect on the effective
length, two ANFIS models are proposed separately
under two typical lightning currents namely first and
subsequent stroke currents. These two lightning cur-
rents have low and high rise time values which are
conventionally used in analyzing grounding systems
under lightning strokes.

The simulation results show that the predicted re-
sults based on the ANFIS are in excellent agreement
with MTL. The proposed expression makes the de-
sign of vertical rods very applicable and avoids repet-
itive computations when the weather conditions are
changed. Also as known in single-layer soil [22], the
effective lengths of the vertical rod and horizontal
electrode are the same, whereas, they are different in
two-layer soils which should be considered by power
engineers. The difference between the effective lengths
is more pronounced for the first stroke current such
that it is less than 70% for low-valued thickness. One
of the interesting notes is that the proposed expres-
sion can be used for both single and two-layer soils
since when the resistivity values of the upper and
lower layers are identical, two-layer soil is converted
to single-layer soil. Besides, when the upper layer
thickness is increased the behavior of single and two-
layer soils would be also the same.

This paper is organized as follows. In Section 2,
modeling principles of MTL and ANFIS approaches
are briefly introduced. Section 3 is focused on the
simulation results based on ANFIS and comparison
with MTL and the individual ones in horizontal elec-
trodes. Finally, in Section 4 concluding remarks are
presented.

2 Modeling principles

In this section, the modelling principles of MTL and
ANFIS respectively as exact and approximate ap-
proaches are briefly explained. In both models, it is
assumed that two typical lightning currents namely
first and subsequent stroke currents as shown in Fig. 2
are injected into the vertical rod.
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Fig. 2. First and subsequent stroke currents.

The mathematical formula for these two lightning
currents is expressed in Egs. (1) and (2) using Hei-
dler’s functions, and its parameters are listed in Ta-
ble 1. Note that the sum of two Heidler’s functions is
used to represent the subsequent return stroke cur-
rent. This kind of lightning current is conventionally
used for evaluating lightning performance of ground-
ing systems [23, 24].
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Table 1. Parameters of lightning current adopted from

[

Current Iy (kA) n 71 (ps) To(us)

First stroke 28 2 1.8 95

Subsequent stroke 10.7 2 0.25 2.5
6.5 2 2 230

2.1 MTL approach

According to the MTL modeling approach [20], it is
naturally a frequency domain method in which each
set of parallel conductors is considered as a multi-
conductor transmission line (MTL) and connected
to each other depending upon the construction of
grounding systems. In the special case of vertical rods,
a rod of length L is divided into IV segments of length
Ly = %, where k =1,2,---, N. The segment length
Ly, should be satisfied in the relation L < %, where
A is the wavelength. The very short segment improves
the accuracy, but the run time increases. Here, we
choose L = 0.5m resulting in satisfied results. Each
segment is then called MTL. The sending and re-
ceiving voltages and currents for each segment are
connected to each other through an ABCD matrix as
follows:

I Ax B Vx
sk _ k k sk (3)

I Cr Dy, Vi
where Ay = Dy = Yycoth(VLy) and By, = Cy =
=Y esch(WLg). Yy and ¥ are characteristic admit-
tance and propagation constant in the transmission
line equations, respectively. Then as shown in Fig. 3,
the rod is illustrated as N cascaded MTLs. All MTLs
are connected to each other via Kirchhoff’s voltage
law (KVL) and Kirchhoff’s current law (KCL). For
instance, the voltages and currents at the connection
point of two segments are the same. At the beginning
of the first segment, the current (I;) is the same as
the lightning current, whereas at the end of the last
segment, the current is nil.

The goal is to compute the sending voltage at the in-
jection point in the time domain. Hence, the spectral
content of the two lightning currents should be first
extracted at M frequencies f;, 1 = 1,2,---, M, and
MTL equations should be solved at each frequency
separately. Applying Inverse Fast Fourier Transform
(IFFT) to the ending voltage, results in computing
it in time domain (transient voltage) and its maxi-
mum is then computed (Vi,qz). Finally, the impulse
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Fig. 3. Illustrating the vertical rod as N segments and
the cascade of MTLs in the frequency domain.

impedance Z, = ‘I/’"‘” is easily computed where I, 4.

is the maximum value of the lightning current. The
mentioned process is iteratively carried out with the
length decrement AL up to a length at which the
slope of impulse impedance versus the rod length is
nil, i.e., effective length (L.ss). Fig. 4 shows the iter-
ation process of the MTL algorithm for computing
transient voltage and accordingly effective length.

Flowchart of computing impulse impedance (Zp)

Fig. 4. Iteration process in MTL for computing the
effective length of a rod.

For the problem under consideration, at first, the
spectral contents related to two lightning currents, i.e.,
first and subsequent stroke currents, are extracted in
the time interval of [0, 10] ps and tabulated in Table 2.
Then, equivalent electrical parameters of two-layer
soil [25] are computed at each frequency inside the
spectral contents as Eq. (4).



52 A. Bagheri, et al. / The effective length of vertical rods buried in two-layer soil subjected to lightning ...

(@+m)+(ﬁ_m>e—2h ™ f o/ p1

(IR0 = (VP = e VT

4
All parameters of Eq. (4), except frequency (f), are
illustrated in Fig. 1. Frequency (f) is adopted from
Table 2. After that, the MTL approach is applied to
each frequency. The mentioned process is repeated for
each increased length with a decrement of AL = 0.5m.
Once the impulse impedance versus the rod length
is converged, the starting length in the convergence
process is extracted as the effective length.

Peq = P1

Table 2. Spectral content of the first and subsequent
stroke currents.

Current First stroke Subsequent stroke
Frequency (Hz) 245.7 1018.7 510.7 409 10477 6213
I, (kA) 551 x 102 760 x 102 391 x 102 8.54 13.62  72.11

/304e9  /87deg [ _20des /39deg [75ded / _ g5deg

2.2 ANFIS Approach

ANFIS is a class of adaptive networks that are func-
tionally equivalent to fuzzy inference systems [13-15].
The ANFIS architecture consists of five layers includ-
ing fuzzy layer, product layer, normalized layer, de-
fuzzy layer, and summation layer. A typical architec-
ture of ANFIS for the problem under consideration
consisting of three inputs, and a single output is de-
picted in Fig. 5, in which a circle indicates a fixed
node, whereas a square indicates an adaptive node.
As seen in this figure, the output of ANFIS is effec-
tive length (L.sy), while the inputs are the resistivity
of upper and lower layers (p1,p2), and upper layer
thickness (h).

| Y

Layerl Layer2 Layer3 Layer4  Layer5

Fig. 5. Schematic of ANFIS approach, where N = 3.

In the first layer, the inputs with the use of fuzzy
sets are converted to fuzzy inputs with fuzzy values
like small, medium, and high. In Fig. 5, fuzzy sets
of A;, B;, C;, where i = 1,2,---, N, are used for
three inputs. The fuzzy sets have belongingness values

between 0 and 1 and are expressed with Gaussian
functions as follows:
Xr — C;

05

) =exp | ~(“E2] L =1z N
where ¢; and o; are the center and deviation of the
fuzzy sets which are adjusted in the training process
using input-output pairs and z is the input variable.
For the problem under consideration, each input is
expressed with three fuzzy sets.

In the second layer, a weighting factor for each
rule is defined as w; = pa, (p1) s, (p2)pc, (h), where
1=1,2,--- N and pa, pp and puc are belongingness
of the fuzzy sets for inputs.

In the third layer, a normalized weighting factor as
defined in Eq. (6) is used.
_ Wy

W = —x—— (6)
Eij\il Wi

In the fourth layer, the output of FIS is expressed
as if-then rules as follows
if (py is A;) and (pg is B;) and (h is C;) then z; =
pip1 + qip2 + kih + 1y
where i = 1,2,---, N. For the problem under consid-
eration, 27 if-then rules are used.

In the last layer, the output is finally computed as
follows:
N
Legs(pr,p2,h) = > Wi(pip1 + qipa + ki +13) (7)
i=1
where the coefficients p;, ¢;, k; and r; are computed
in the training process based on the least square error
technique.

3 Comparative studies

In this section, the proposed models under the first
and subsequent stroke currents are evaluated and
validated with MTL. Then they are compared with
the individual ones in horizontal electrodes [5].

3.1 Comparison with MTL

To create the ANFIS model in this study, 3x3x3=27
input-output pairs are computed using the MTL ap-
proach and used in the training process. Each input
is expressed linguistically by three fuzzy sets small,
medium, and high. The samples for upper and lower
layer resistivity and thickness are respectively selected
in the intervals of [100, 1000] m, [100, 1000] Qm, and
[1,10] m. Note that for computing effective length,
a length decrement AL = 1m is used. Once the
training process is converged, the model can be used
for predicting the effective length. Fig. 6 shows the
root mean square error (RMSE) versus epoch in the
training process for the two mentioned currents. The
results demonstrate that after 20 epochs these two
models converge.
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Fig. 6. Root mean square error (RMSE) versus epoch
for the first and subsequent stroke currents.

To validate the created models, they are investi-
gated for different scenarios as shown in Fig. 7 and
Fig. 8, for the first and subsequent stroke currents, re-
spectively. In the vertical axis of these figures, super-
scripts “1ST” and “SUB” are denoted for the first and
subsequent stroke currents. According to the results,
excellent agreement in comparison with the MTL ap-
proach is achieved. In addition, the comparison of
Fig. 7 and Fig. 8 shows that the same as single-layer
soil, the effective length for subsequent stroke current
is less than that of first stroke current. It is physically
because of the higher frequency content of subsequent
current and accordingly more attenuation of the in-
duced electric field inside the soil. Fig. 7 and part (c)
of Fig. 8 show that when the upper layer thickness is
increased, the effective length is converged to a con-
stant value which is the effective length in single-layer
soil. Finally, the approximate run times of different
existing methods for computing effective length are
compared in Table 3. From this table, ANFIS has the
lowest run-time with respect to the other methods
which is important from an engineering point of view.
Note that the run-time of ANFIS is valid after the
training process is converged.

Table 3. Spectral content of the first and subsequent
stroke currents.

Current ANFIS MTL [5] TLM [22]
First stroke 0.5 sec. 15 sec. 30 sec.
Subsequent stroke 0.5 sec. 25 sec. 48 sec.

3.2 Comparison with horizontal electrodes

As proven in [23], the effective lengths of vertical rods
and horizontal electrodes buried in single-layer soils
are identical. Now this issue is investigated in two-
layer soils. To this end, the proposed expression in
this study is compared with the individual one of hor-
izontal electrodes [5]. The comparison results for both
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Fig. 7. The effective length of a vertical rod under the
first stroke current versus (a): upper layer resistivity
(b): lower layer resistivity, and (c) upper layer thickness.

currents are shown in Fig. 9. In this figure, the upper
and lower layer resistivity values are respectively 100
Qm and 1000 Qm, and the upper layer thickness is
varied in the interval of [1,10] m. The results show
that the effective length of the horizontal electrode
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Fig. 8. The effective length of a vertical rod under
the subsequent stroke current versus (a): upper layer
resistivity (b): lower layer resistivity, and (c) upper
layer thickness.

is greater than that of the vertical rod. This differ-
ence is more pronounced for the first stroke current
such that when the upper layer thickness is 1m, the
maximum difference is 69% and 33% for the first and
subsequent stroke currents, respectively. On the other
hand, when the upper layer thickness is increased, the
difference between the effective lengths is decreased.

This is because of converting the two-layer soil into
single-layer soil. This conversion is faster carried out
for the subsequent stroke current. In the case of subse-
quent stroke current, when the upper layer thickness
is equal to 6 m, both effective lengths are identical.
The mentioned finding makes the application of verti-
cal rods more suitable financially in two-layer soils in
comparison with horizontal electrodes which should
be noticed by power engineers.

70

——Horizontal electrodes

===Vertical rod

1‘:.1 2 3 4 5 6 7 8 9 10
h(m)
(a)
24 T T : T . .
—Horizontal electrode
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Fig. 9. The effective lengths of vertical rods and hor-
izontal electrodes versus upper layer thickness under
(a) the first and (b) subsequent stroke currents.

4 Conclusion

In this paper, a closed-form expression for the effective
length of vertical rods under lightning strokes and
buried in two-layer soils is extracted. It is based on the
adaptive network fuzzy inference system (ANFIS). In
extracting the expression, a few input-output pairs are
needed which are computed from the multi-conductor
transmission line method. Based on the research in
this study, the following findings are extracted:

(1) The proposed expression is very efficient. This
makes it suitable from the practical point of



3)

view especially when the climate conditions are
changed.

Due to the proposed expression, predicting the
effective length of vertical rods in single and
two-layer soils can be simultaneously carried
out. Note that when the resistivity values of
the upper and lower layers in two-layer soil are
the same, the two-layer soil is converted to the
single-layer soil.

Effective lengths of vertical rods and horizontal
electrodes buried in two-layer soils are different,
whereas in single-layer soils they are the same.

These notes should be considered by power engineers.

The

proposed approach can be similarly applied to

the grounding grid under lightning strikes that are in
progress.
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