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Abstract — In this paper, touch and step voltages of
different arrangements of rods including single rod,
double, triple and quadruple rods under lightning strikes
are evaluated. In all analyses, an efficient modeling
approach called improved multi-conductor transmission
line is adopted. Also, two typical lightning currents
namely first and subsequent stroke currents are injected
to the mentioned grounding rods. This paper consists of
two parts.

In the first part, the touch and step voltages of
different arrangements of rods considering dispersion
and ionization of lossy earth are computed. Firstly,
sensitivity analyses show that from single rod to
quadruple rods, both voltages are reduced especially in
poorly resistive earths. The relative reduction percentage
is on average 81.5% and 69.5% respectively for the
touch and step voltages. In addition, when the arm length
is increased, considerable reduction of both voltages
especially in poorly resistive earths under subsequent
stroke current is achieved so that the length variation
from 10m to 40m, leads to the reduction of 85% and 91%
respectively for the touch and step voltages on average.
Depending on the earth resistivity and lightning
waveform, after a starting length this reduction is slightly
continued.

In the second part, the above analyses are extended
to two-layer earth and sensitivity analysis versus the
resistivity of the two layers is carried out. The simulation
results show that both voltages have middle values
between the counterparts in single-layer earths.

Index Terms — lonization, dispersion, multiple rods,
lightning stroke, touch and step voltage.

I. INTRODUCTION

Multiple vertical rods as a typical grounding system
are used in distribution, and telecommunication systems
and installed in earths of low resistivity [1, 2]. Fig. 1
shows different arrangements of vertical rods including
single rod, double, triple, and quadruple rods. Proper
design of such devices is strictly dependent upon the
complex nature of earth such as ionization nonlinear

phenomenon [3], frequency dependence of electrical
parameters (dispersion) [4] and so on.
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Fig. 1. Different arrangements of vertical rods, (a): single rod,
(b): double rods, (c): triple rods, and (d): quadruple rods.

More recently a number of researches is focused on
the effects of dispersion and ionization, separately and
simultaneously to evaluate the lightning performance of
grounding systems [5-9], transmission lines [10],
absorbed energy of arresters [11], and effective length
[area of grounding systems [12-14].

More recently, grounding potential rise (GPR) of
multiple vertical rods buried in ionized, dispersive and
two-layer earth has been investigated [15], but the earth
surface potential (ESP) was not addressed. The only
research on the ESP is found in [16-20] focusing on the
only-ionized [16, 17], non-ionized [18-20] and only-
dispersive [21] earths. This parameter is importance since
two well-known quantities namely touch and step
voltages are extracted from it. The touch voltage is
defined voltage difference between the lightning current
injection point and the arbitrary point separated 1 m,
while the step voltage is the voltage difference between
two feet of personnel separated 1 m on the earth surface.
The two quantities are significant in terms of the safety
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of human beings and electrical and electronic equipment
[22]. Fig. 2 shows definition of these two quantities
schematically.

The above-mentioned notes motivate the authors to
investigate ESPs of such grounding systems
comprehensively. To this aim, the improved multi-
conductor transmission line model (IMTL) [23] is first
adopted. This approach was proposed by Guardado et al
[24]. Since itis inherently in frequency domain, it can be
then easily used to incorporate frequency dependence of
the earth (dispersive soil) [21]. This was shown via
comparison with experiment and full-wave methods
[22]. It was finally improved to include ionization and
dispersion simultaneously [23]. After then, its
application was investigated for grounding potential rise
(GPR) [23] effective length of counterpoise wire [25]
and earth surface potential (ESP) of single rod [26].

In this paper to consider the rise time and magnitude
of the lightning current, two typical lightning current
waveforms namely first and subsequent stroke currents
are then injected to the mentioned grounding systems.

The simulation results show that in dispersive and
ionized earths when the number of arms is increased,
both voltages are decreased especially in poorly resistive
earth, so that from single rod to quadruple rods, the
relative reduction percentage is on average 81.5% and
69.5% respectively for the touch and step voltages. In
addition, increasing the arm length from 10m to 40m,
decreases the touch and step voltages respectively 85%
and 91% on average.
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Rod
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Fig. 2. Definition of the touch and step voltages [22].

To extend the above analyses, the effects of
ionization and dispersion in two-layer earths are finally
investigated. The simulation results show that in such
earths, both voltages are placed between the counterparts
in single-layer earths. This fact is practically of
importance especially when the first layer is less resistive
than the second layer.

This paper is organized as follows. Section Il gives
modeling principles of analysis. In section llI,
computation of the earth surface potential (ESP) and
accordingly touch and step voltages of different
arrangements of rods considering ionization and
dispersion of the earth are carried out. Section IV is
focused on extracting formulae of the touch and step
voltages and their application in two-layer earths.
Finally, conclusions are given in section V.

I1. MODELING PRINCIPLES

As mentioned in the previous section, all analyses in
this paper are based on the IMTL and the lightning
current, the dispersion and ionization of the earth are
imported in to it somehow [23]. Here, two typical
waveforms for the lightning current namely the first and
subsequent return strokes, which are characterized by
Heidler’s functions [18] are used. They are expressed in
(1) and (2). All parameters in (1) are listed in Table 1.
Note that the sum of two Heidler’s functions is used for
the subsequent stroke current. Fig. 3 shows the wave
shapes related to the first and subsequent return stroke
currents which are used in this study.

i(t) = (Ig /m)exp(~t/ ,)(t/ )" L+ (t/7)" | @

where

n= eXp[_ (v, /7,)(ne, /11)1“1] 2)

Table 1. Parameters of lightning currents adopted from [27].
Current lo(kA) | n | ti(us) | t2(us)

First stroke 28 2 1.8 95
Subsequent | 10.7 2 0.25 2.5
stroke 6.5 2 2 230
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Fig. 3. First and subsequent stroke currents in this study.

In the case of dispersion, among different models
[28] with the aim of better prediction [29, 30], the causal
model proposed by Visacro et al [31] is used , that is

p(F) = polL+h(po) x (F 1Mz ) | @)
e (f)=c, + tan(ny/ 2) %107 x h(p,) x (f /IMHz)" "
(2me,p, )

Where p, is the low-frequency resistivity of dispersive

earth, and fis the frequency in Hz. Also, y=0.54,
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g, =12and h(p,)=1.26xpy"*where p,is the
low-frequency resistivity of dispersive earth, and f is the
frequency in Hz. Also, y=0.54, and ¢/ =12.

The ionization as a nonlinear phenomenon in the
lossy earth is taken place when the induced electric field
of earth exceeds from its critical value (Ec). It is
expressed as below [32]

E, =241p°%*° ®)
In (5), Ec, and p are respectively critical electric field in
kV/m, and resistivity of the earth inQQ.m.

Lightning Stroke
Air

Lossy Soil(er,p)

Fig. 4. Schematic of ionization phenomenon as gradually
increased radius in single rod.

When the ionization phenomenon is occurred, it is
here modelled as gradually increased radius. This fact is
shown in Fig. 4. for instance, the rod of length L is
divided into N segments of length l,=L/N k=1, 2, ...,N.
The segment length Lk should be satisfied in the relation
Ik<A/10, where A is wavelength in free space. The very
short segment improves the accuracy, but the run time
increases. Here, 1k=0.5m results in satisfied results.

Prior to analysis using IMTL, each segment of single
rod is represented as transmission line model [23].

%VMTL,k + Z[p(f)lsr(f)lak]l mrik =0 Q)
diXIMTL,k + Y[p(f)!sr(f)iak ]VMTL,k =0 )

Where p(f),e, (f)are parameters of dispersive soil
and a, is the kth segment radius. Also, Zand Y are

respectively series impedance and parallel admittance of
each segments and nonlinearly dependent on the soil

parameters, i.e., p, e, and the radius of each segment (
a, ). The above corresponding equations of different

segments are connected to each other via Kirchhoff’s
voltage low (KVL) and Kirchhoff’s current low (KCL).
At first, the radius of kth segment is assumed to be the
original radius of the rod and the MTL equations are
solved so that the voltage and current at each frequency
inside the spectral content [20]. Then the leakage current
is computed as current difference of the kth and (k+1) th
segments, that is

Iy =l =1 ®)
The electric field on the kth segment is computed as
_ POl 9)
=
2nal,

If E, is greater than E , the radius of each segment is
increased as

a,=E,/E, (10)
With the new radius, the new voltage and current at each
segment is computed up to E, < E_. After the iteration
is finished, the ESP is computed as follows

ESP(X,Y12) = D R (X0, Yur22), ¥ oy (11)

k=1
Where N is the total number of segments, and R _is the

transfer resistance between the kth segment and the point
(X;,¥4,2,) at each point (X, y,0) on the earth surface

(z=0) as below

R, :%[Fl(x*,Ax’)—Fl(x’,Ax’) (12)
+ R (X" AXT) - F (X", AxT)]

Where

F(t,u) = In(t+~/t+u) (13)

X" =x—X, +L; X =X—-X,—L (14)

AC =y -y,)’ +(2+2,)%; (15)

A =(y-y,)" +(2-2,)° (16)

Fig. 6, show the iteration process of the improved
MTL. Finally, via inverse fast Fourier transform in (11),
earth surface potential in time domain is computed.

In dealing with multiple rods, the analysis is the same
as single vertical rod except that the series inductance
L, for computing Z in (6) is changed as below

Holy 21, N
L, = In==% -1+ L 17
k 27[ ( a j Z km

m=Lk=m
Where N is the total number of parallel segments, and
L ., is mutual inductance between kth and mth segments
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of length Ik as shown in Fig. " and computed as (18) [13].
All parameters in (18) are defined in Fig. 5.
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Fig. 5. Schematic of two parallel segments of length |, .
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Fig. 6. Iteration process in the improved MTL algorithm.

I11. Sensitivity Analyses

In this section, sensitivity analyses on the earth
surface potential are carried out versus the number and
length of rods and their effects on the touch and step
voltages are accordingly investigated.

1. Number of Arms

To know how the number of rods affects the touch
and step voltages, ESPs for single rod, double, triple, and
quadruple rods having length L=3m and spacing 3m are
computed and shown in Figs. 7 and 8 respectively for the
first and subsequent stroke currents. As qualitatively
seen from these figures, when the number of rods is
increased, the slope of ESPs is decreased. Therefore, it is
expected that the touch and step voltages to be decreased.
Touch and step voltages of different arrangements of
rods are numerically computed and tabulated in Tables 2
and 3 respectively for the touch and step voltages. From
these tables, the touch and step voltages under
subsequent stroke current is less than those of the first
stroke current. Also, when the number of rods is

increased, both voltages are considerably reduced on
average up to 81.5% and 69.5% respectively for the
touch and step voltages.
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Fig. 7. ESP of multiple rods under first stroke current in both-
affected earth for (a): p, =100Qmand (b): p, =1000Qm -
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Fig. 8. ESP of multiple rods under subsequent current in both-
affected earth for (a): p, =1000m and (b): p, =10000m .-

Table 2. Comparing the touch voltages (kV) of different
vertical rods with L=3m.

Lightning First Subsequent
Current Stroke Stroke

P, (Qm) 100 1000 100 | 1000

Single 100 110 30 40

5| Double 40 50 10 20

o Triple 20 25 5 10

Quadruple 18 23 45 8

Reduction (%) | 82% 79% 85% 80%

Table 3. Comparing the step voltages (kV) of different vertical
rods with L=3m.

Lightning First Subsequent
Current Stroke Stroke
po(Qm) 100 1000 100 | 1000

Single 50 100 33 45

Double 35 60 15 30

Triple 20 35 10 20
Quadruple | 15 34 9.5 13
Reduction (%) | 70% | 66% | 71% | 71%

Rod

2. Length of Arms

In the previous section, it is assumed that the length
of the arm is constant. Now, the effect of length on the
touch and step voltages is investigated.
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3 2 0 1 2 3
X,y(m)
(b)

Fig. 9. ESP of quadruple rods under first stroke current with
variable length, (a): p, =1000Om and (b): p, =10000m .
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(o]
o

X,y(m)

(b)
Fig. 10. ESP of quadruple rods under subsequent current with
variable length, (a): p, =100Qmand (b): p, =1000Q2m -

Figs 9 and 10 show the variations of ESP of the
quadruple rods for different values of the rod length
respectively for the first and subsequent stroke currents.
As can be qualitatively observed from these figures,
when the rod length is increased, slope of ESPs is
considerably decreased which evidently leads to
reduction of the touch and step voltages. Quantitative
results for both voltages versus different values of the
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rod length are tabulated in Tables 4 and 5 respectively
for the touch and step voltages.

Table ¢. Touch voltage (kV) of quadruple rods lossy earth.

Lightning First Subsequent
Current Stroke Stroke

P, (Qm) 100 | 1000 | 100 | 1000

10 3 7 2 4

15 2 6 1.53 2
— 20 1 4 0.48 1.98
% Yo 078 | 2 04 | 0.89
Y. 062 | 1.44 0.3 0.75
Yo 0.53 1.23 0.24 0.65
£ 0.5 1.17 0.22 0.63
Reduction (%) 84% 83% 89% 85%

Table °. Step voltage (kV) of quadruple rods in lossy earth.
Lightning First Subsequent
Current Stroke Stroke
P, (QmM) 100 | 1000 | 100 | 1000
10 13 19 9 16
15 7 11 5 9
— 20 2 4 1.05 5
£ Yo 2 | 343 | 1 2
Yo 1.48 2.78 0.7 1.8
vo 138 | 2.28 | 0.53 1.44
£ 129 | 2.18 | 0.49 1.35
Reduction (%) | 90% | 89% | 94% | 92%

From these tables, it is found that when the rod length
is increased, both voltages are decreased. Moreover,
depending on the earth resistivity and lightning current
waveform, after a specific length, both voltages are
slowly varied to reach constant values. The relative
reduction is more pronounced in highly conductive
earths under the subsequent stroke current. On average,
when the length is increased from 10m to 40m, the
relative reduction is about 85% and 91% respectively for
the touch and step voltages. The significance of the two
parameters, i.e., length and arm, is more pronounced in
rocky earths where increasing burial depth is difficult.

IV. Two-Layer Earth

To extend the previous analyses, it is assumed that
the ionization and dispersion are occurred in two-layer
earth. The analysis is the same as both-affected earth
except that the apparent low-frequency resistivity [33]
should be used, that is

_ {pm /{1+ [(pm 1pg) _1][1_ellk(d+2H)]} Por > Po2
Oeq —

Poi /{1+ [(pOZ /o) _1][]-_el/k(d+2H) ]} Po1 <Po2
(19)
Where p,and pg,are respectively low-frequency

resistivity values of the first and second layers. Also, d

H and k are respectively burial depth, the thickness of
the first layer and reflection factor which is defined as

k= Pou"Po A parameters are illustrated in Fig. 11.
Por tPo2

Air

P2:85:Hy

Fig. 11. Schematic of a two-layer earth.

To analysis of such earths, two scenarios as listed in
Table .6 are first applied, and corresponding touch and
step voltages are then computed versus the arm length as
shown in Fig. 12. With the aim of comparison, both
voltages of the single-layer earth (k=0) are also included
in the same figure. From this figure, it can be inferred
that the same as single-layer earth, when the length is
increased both voltages are decreased. In addition, in
two-layer earth both voltages are placed between the
individual ones in single-layer earth. This fact shows
significance of including the second layer especially
when the first layer is more solid than the second layer
(k<0).

Table 6. Electrical parameters of two layers in two-layer earth.
Layer First Second
Parameter po1 €1 H P02 e H
First scenario 1000 | 10 | 10 100 10 | w
Second scenario 100 10 | 10 | 1000 | 10 | w

10
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Fig. 12. Variations of the (a): touch and (b): step voltages under
first stroke current versus length in two-layer earth for three
values of k.

V. Conclusion

In this study, different properties of the earth
consisting of ionization, dispersion, porosity level, and
water content on the touch and step voltages of multiple
rods were investigated. Acoording to the simulation
results based on the improved multi-conductor
transmission line model (IMTL) , the following key
findings are inferred:

1- Inionized and dispersive earth, when the number
of arms is increased from one to four arms, both
voltages are reduced. Reduction is on average
81.5% and 69.5% respectively for the touch and
step voltages. In addition, increasing the arm
length from 10m to 40m results in reducing 85%
and 91% for the touch and step voltages
respectively. This reduction is continued up to a
starting length beyond which it is stopped.

2- Integrating the apparent low-frequency
resistivity in two-layer earth with the improved
MTL results in computation of the touch and
step voltages in such earths. simulation results
show practical significance of the two layers
epecially when the second layer is more resistive
than the first layer.

The above notes can be benefit for power and
telecommunication engineers in exact design of multiple
grounding rods.
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