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Abstract-- This paper presents a practical application of a
formulation for estimating the potential on the soil surface,
originated by an electric current calculated in a grounding
conductor through the Transmission Line Modeling Method
(TLM). This study discusses the use of such formulation, which
can increase the applicability of one-dimensional numerical
methods that are not able to determine such potentials directly
and it isfocused on the evaluation of the transient generated by a
lightning surge taking into account the frequency dependence of
the soil properties.
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|I. INTRODUCTION

impedance path for high frequencies [1].

Taking that into account, it can be seen that the
determination of the electrical quantities on tbaductor with
consequent identification of the grounding impedaris
satisfactory, partially meeting EMC requirementowdver,
grounding systems must guarantee not only the cbrre
operation of the electrical system, but also prarssfety to
the people. In this case, a more comprehensive steeds to
be carried out. Therefore, it is necessary to amalthe
electrical quantities produced on the soil surfacepng them
the generated potential.

Thus, in order to contribute to the study of impuds
grounding associated to supportability evaluatiod personal
safety, [2]-[6] can be used as reference worksuech studies

THE first step in the study and analysis of grougdinhe mathematical formulation development and coatinsal

systems behavior concerning the dissipation of exsr
resulting from lightning surges or short-circuitthe electrical
power system is the correct selection of the atdtr
quantities of interest. Consequently, these quastitike
voltages, currents, fields and impedances will ses a point
of reference for distinct approaches and needsiffierent
areas of technical knowledge.

Electrical grounding is one of the focuses of stwdthin
electromagnetic compatibility (EMC), together wittansient
analysis, quality of energy and system reliabilltyithin the
context of EMC, grounding is a component which nargure
that interference signals do not disturb the noroprating
characteristics of a given electrical system. lRstance, in the
area of electrical power systems, grounding isdihko the
requirement of a low impedance path to the soil.
telecommunications, electrical grounding is asgediawith
obtaining low impedance values between devicesbataeen
such devices and the soil. With respect to the afe@dio
frequency, once more grounding systems can beaseariow
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implementation for the estimation of potentials darced on
the soil surface from the dissipation of electrigrent in a
horizontal grounding electrode are presented. Thesemt
study has its contribution together with the use oofe-
dimensional numerical methods, in this case thedméssion
Line Modeling Method in one dimension (TLM-1D), for
determining electrical quantities under and onstbié surface.
The originality can be attributed to the increakthe potential
of methods in one dimension to solve problems wingl
three-dimensional space.

Il. PROPOSEDSTUDY

Several numerical methods can be used for
Irr(1epresentation and analysis of grounding systemenyiVof
such methodologies can be implemented in one, twbree-
dimensions, as is the case of the TLM [7].

One-dimensional approach allows the analysis ofylséem
of interest on a single coordinate space, eithey &y z. In
turn, a two-dimensional implementation can estiméie
guantities of interest on a plain and finally, #tadimensional
methods allow a spatial analysis.

The choice of numerical method, as well as its disien to
the general solution for electromagnetic probletmsutd be
made based on the requirements of the system egpation
to be analyzed. The choice should also take intmwatt the
accuracy of the method, procedure of implementatiod its
computational performance.

Tri-dimensional methodologies are more versatiled an
suitable for the representation of more elaboratectires,
materials with different properties, non-homogersemedia
and irregular geometries. However, the degree ofpbexity

the



for the implementation and the high computatiorralcpssing
make this approach less attractive in comparisoth i
method in one dimension for representation andyaisabf
simple structures, such as horizontal or vertitedteodes in a
homogeneous soil.

Additionally, it is known that the error in a modd
intrinsic to its representation process, whichireatly related
to its distance from the real world, and also eslato the
representation of a continuous behavior in a discneanner.
When dealing with a dynamic process, which is theecof
electrical current dissipation in time in a grourglisystem,
this error tends to propagate and accumulate. pheaing of
a quantitative error is directly associated witk tiumber of
iterations in the present computational step, lihkdso to a

electrode.

I1l. ANALYTICAL FORMULATION

Starting from a current (A) dissipated along a grounding
electrode with length (m) buried in homogeneous soil with
resistivity ps (Qm) and considering a correction facfgrthe
potential in the soil surfacé (V) for a stationary analysis in
low frequency (60 Hz) can be determined based pn (1

_llp,

However, in the case of fast phenomena, such hmiig,
the stationary approach is considered not appraprla this
case it is important to consider the behavior ef tedium as
a function of frequency. Consequently, a mediumukhde

qualitative error This depends on the dimensions of thgegcrined by the behavior of its conductivitand permittivity

modeling space and the discretization. Consequertttly

accumulation of such errors leads to a decreaieafccuracy
given to the model compared to the real world THus, these
arguments reinforce the use of methods in one dimoarfor

representation of simple systems, which can provitee

accuracy to the model.

On the other hand, a tri-dimensional method caerdehe
the amount of interest at any potof a study domairg, as
shown in Fig. 1. Therefore, the potential generateghe point
on the soil surface can be directly determined.

Fig. 1. Study domain in a tri-dimensional space.

To solve this problem based on a method in one rkina,
which has its computation restricted to a singlerdmate and
in the present case study on the grounding elegtradis
necessary to estimate the voltages in the spaudirectly.

The study developed by Robert J. Heppe [2]-[3] pnes a
methodology to calculate the potentials producedhensoil
surface considering the electric current dissipatethe earth
from the short-circuit of the electric power systeirhis
approach focuses on low frequency and steady dtting
into consideration only the soil resistivity for the medium
representation in its formulation. However,
frequencies, besides resistivity, electric pernititi ¢ and

magnetic permeabilityx of the soil must be taken into

consideration [8]. Also, in the case of very fakiepomena
such as a lightning surge, the conductivityand relative

permittivity ¢, of the soil are dependent on the frequency [

[10].
In this context, the following analytical formulati allows
for the estimation of the potentials on the soilfate

for Hig

¢ in a complex representation with frequency deperoée.
In the formulation, it is assumed that the eleefrimurrentl
at a timet injected into a grounding conductor can also be
represented in a complex form and that it is unilgr
distributed along the symmetry axis of the conducto
Adopting the correction factdy and the propagation constant

y associated with the facta'” , it is possible to estimate the
potential V(x”,y",z") in a pointP on the soil surface, now
considering the dependence of soil parameters \tlin
frequency. Starting from (1) and based on a matlieata
development, (2) is obtained,
-y
2r0 o, + jwlE, [E,)

VX2 +y?+272% +x
\/(x—l)2 +y?+27% + x|
where:V(x",y"”,z") is the voltage (V) in a point of coordinates
P(x",y",z") (m);tis the time (s)w is the angular frequency
(rad/s); le’" is the complex current (A); is the electrode
length (m);e, is the soil relative permittivityg, is the vacuum
permittivity (F/m);os is the soil conductivity (fm]-1); y is the
propagation constant; is the distance between the middle
point of conductolC and pointP on the soil surface (m¥, y
andz are the relative coordinates.

With this equation, the currehtdetermined on a grounding
electrode by a one-dimensional method can be wsestimate
the potential generated on the soil by means ofirmenical
implementation. The complete formulation and deidnst are
presented in [11].

VY2 = e 0

2

In

IV. COMPUTATION AND RESULTS

In order to illustrate the potential on the soirfage a
horizontal electrode buried in a homogeneous saiblfel to

9T_Xis X, with lengthl = 10 m, radiusa = 6.5 mm and divided

into 10 segments1k = 1 m), was considered. In this study the
soil is characterized by resistivips = 100 Qm and relative
permittivity &, = 10. Also, a current surge with 10 kA (8 x 20)

considering a specific frequency, named charadierishS @Pplied in the origin of the electrode in pdB{K'y’,z’) =

frequency, within the surge of current spectrumliegpto the

(0,0,5) with a representative frequendy= 500 kHz was



assumed. It is noteworthy that all the estimatexliite based
on (2) presented here consider the absolute vafuéheo
potential on the soil surface. Fig. 2 to 5 show t¢h&ulated
potential at pointP(x”,y”,z") = (0,0,0) located on the soil
surface at the surge insertion point in the elelrconsidering

different burial depthk of the grounding conductor.
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Fig. 2. Potential calculated at a pofbn the soil surface considering depth
of the grounding electrode= 1 m.
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Fig. 3. Potential calculated at a pofbn the soil surface considering depth

of the grounding electro h=0.Em.

20 100

90 T

—Origin of the electrode in C(xy.2) = (0,0,0)

80 ——Soil surface in P(x,y,z) = (0,0,0)

0 : . : |
40 60 80

Time (us)
Fig. 4. Potential calculated at a pofbn the soil surface considering depth
of the grounding electrode= 0.1 m.
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Fig. 5. Potential calculated at a pobn the soil surface considering depth
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of the grounding electrode= 0.01 m.

Analyzing Fig. 2 to 5, it can be seen that as timéabdepth
of the electrode decreases, the voltage genertited point of
analysis on the soil surface increases. The sammavime can
be observed in the voltage produced in the eleetrod
However, the difference of potential between thdtage
produced in the conductor and the voltage generatethe

soil decreases with depth. In other words, as thgsipal

layout of a horizontal conductor placed on the apjproaches

the surface, the voltage difference between thetrelde and
the surface layer of the soil tends to be null.. FHg which
considers an electrode with 1 cm burial depthsiiates such
scenario. Table | quantifies the maximum poterialduced
in the electrode and generated on the soil suiflustrated in
Fig. 2 to 5, reinforcing the aforementioned argutsen

TABLE |
MAXIMUM POTENTIALS GENERATED
Burial Depth Ma>'<. voltage Max. voltage Max. voltage
of the in the on the soil difference (kV)
electrode (m) electrode (kV) surface (kV)

1 65.77 26.5 39.27

0.5 71.12 37.36 33.76

0.1 83.45 63.49 19.97

0.01 100.81 100.52 0.29

Given a plairs(x,y)located on the soil surface, illustrated in

Fig. 6, one can estimate the evolution of the pakan a line
segment present in this plain for a given tim&€onsidering
the same surge characteristics,
presented in the previous example, to a dépth0.5 m, the
potential on the profilepl andp2 for the timet = 12.3us can
be seen in Fig. 7 and Fig. 8 respectively. In thiample the
discretization used (stepto the profilepl and stepy to the
profile p2) is of 0.5 m.

medium and electrod
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Fig. 6. Study domain on the soil surface.
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Fig. 7. Calculated potential in a profitd on the soil surface.
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Fig. 8. Calculated potential in a profii@ on the soil surface.

Finally, based on the determination of potentiafaes, it
is possible to draw equipotential curves over tiaeshown in
Fig. 9.
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Fig. 9. Equipotential curves produced on the seoilae int = 4.1ps.

V. VALIDATION

In order to validate the proposed formulation, cangons
were made with results from simulations performed ai
computational tool which presents a solution basadthe
Electromagnetic Model [12]. A horizontal conducharied in

the soil with lengtH = 10 m and depth = 0.5 m and radiua
= 6.5 mm was used.

Fig. 10 illustrates the application of a currentrgsu
characterized as a fast wave, represented by thiblalo
exponential functiori(t) = 11043.33 (g79238:91L 4001095
this simulation, an electrode with the same charastics
previously presented considering a soil resistizity 500Qm

and relative permittivity, = 10 is used.
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Fig. 10. Generated potential on the soil surfacem@arison between

Electromagnetic Model and proposed formulationafdast current surge.
As well as for fast waves, in the case of slow vgatre

developed formulation presents good results. Aaldtily, solil

resistivity varying from 802m to 1000Qm and permittivity

within a scale from 15 to 6 were considered présgna

satisfactory convergence.
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VI. CONCLUSIONS

In this paper a formulation to estimate potentgdserated
on the soil surface due to the electrical currésgigation in a
grounding conductor was presented. Starting froenstiadies
of for low frequencies and based on a quasi-station
approximation and plain waves modeling, the poéérmn the
soil surface can be analytically estimated.

In the presented formulation, in addition to thecsiic
resistivity, the electric permittivity and magnepermeability
of the soil were also taken into account with freogy
dependence.

In the case studies, practical applications of tise of
analytical formulation were made to evaluate theeptal
generated on the soil surface in different scesafiwom the
electrical current dissipated in the grounding aandr
utilized in Lightning Protection System (LPS), ttesluction of
voltages on the soil with the increase in the distaof the
surge insertion point as well as the variationhaf magnitude
for the different kinds of soils was observed.

Such formulation, which was conceived for horizdipta
buried electrodes in one-layer homogeneous sod, dhewn
great relevance to the establishment of the refepentials
based on the electrical quantities determined ire-on
dimensional numerical methods. This approach allfarghe
calculation of the variables related only to theowd



conductor, requiring an indirect estimation to deiee the
increase of potential on the soil surface. The gsep
formulation is not restricted for use only with tAié&M-1D
method, having a general applicability to otherhmdblogies
that can estimate the electric current in the sbelet

Based on the proposed formulation, comparisons were
made with results from simulations using the Elmoiagnetic
Model, which is considered the most accurate teghifor
the solution of Maxwell's equations due to its mali
approximations. In the case of atmospheric surgeesented
by slow waves, as well as for the fast waves, theckbped
formulation presented a satisfactory convergenaesidering
soil with different properties.

Finally, the proposed model can offer better aility to
one-dimensional methods, especially the TLM-1D, tiwe
representation of transients and high frequenciéke
proposed formulation has proved to be a suitablgtiea for
the estimation of potentials on the soil, providevaluation of
several contact mechanisms with a lightning sugggributing
to the development of further studies related te th
supportability and human safety.
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