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Abstract—Electromagnetic compatibility studies require
knowledge of transient voltages that may be developed near
earthing systems during lightning discharge, since such
voltages may be coupled to sensitive electronic circuits. For
such purpose accurate evaluation of transient electric field
near to and/or at the surface of the grounding conductors is
necessary. In this paper, a procedure for computation of
transient fields near large earthing systems, as a response
to a typical lightning current impulse, based on computa-
tional methodology developed in the field of antennas, is
presented. Computed results are favorably compared with
published measurement results. The model is applied to
check the common assumption that the soil ionization can
be neglected in case of large earthing systems. Presented
results show that the soil ionization threshold is met and
exceeded during typical lightning discharge in a large
earthing system.

1. INTRODUCTION

Extended meshed earthing systems are used in large instal-
lations, such as: power stations or plants, to ensure safety to
the personnel and the equipment. They also provide reference
voltages for electrical and electronic systems. Local ine-
qualities of the reference voltages, and induced or conducted
transient voltages coupled to circuits with sensitive electronic
systems, during lightning discharge and power system faults,
can be a cause for their malfunction or destruction. Voltages
in general case are path dependent on higher frequencies, and
have to be evaluated as integral of the electric field vector
between two points along a given path. Consequently, elec-
tromagnetic compatibility (EMC) and lightning protection
studies require knowledge of the spatial and temporal distri-
bution of electromagnetic fields near the earthing systems in
case of lightning and power system faults.

In this paper, the transient problem is first solved by a
formulation in the frequency domain. The time domain re-
sponse is then obtained by application of a suitable Fourier
inversion technique. The grounding system is assumed to be
a network of connected straight cylindrical metallic conduc-
tors with arbitrary orientation and finite conductivity, Fig. 1.
The conductors are subject to the thin-wire approximation,
assuming that their radiuses are much smaller than the
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Fig. 1. Physical Situation.

wavelength and lengths are much greater than the radiuses.
This assumption enables to approximate the total current in
the conductors as filamentary line current in the conductors’
axis. The soil is modeled as linear and homogeneous half-
space characterized by conductivity, permittivity and perme-
ability constants.

II. LONGITUDINAL CURRENT DISTRIBUTION

The assumptions introduced in the previous section enable
application of efficient computational methodology devel-
oped in the field of antennas [1]. The first step is to compute
the current distribution, as a response to injected current at
arbitrary points on the conductor network, in frequency do-
main. First, current sampling points are defined at each cor-
ner or bending point, at each junction where several conduc-
tors intersect and at the conductors end points, Fig. 2. These
current sampling points divide the network of conductors into
a number of fictitious segments. To approximate the current
between the sampling points, that is along segments,
filamentary current distribution in axes of every two neighbor
segments is defined. Such distributions can be considered as
filamentary electrical dipoles with current that is zero at the
end points and that rises sinusoidally to a maximum at the
junction point between the two segments, so called
“sinusoidal dipoles” [1]. Also to approximate the current
along the segment with the injection point, one “sinusoidal
monopole” is added, Fig. 2. The distribution of the longitu-
dinal current /(£) at a point £ on the whole conductor network
can be defined by an array of M overlapped sinusoidal di-
poles and monopoles, Fig. 2:

1(9) = iI,,Fk () M
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Fig. 2. Approximation of Current Along Segmented Conductor Network.

where [; are current samples. The normalized function of the
current distribution over the length of one sinusoidal dipole
Fu(®) is [11:

R(0)-

Pu(t)= {
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Here £ is a point at the conductor axis, and i, £y, and £,
are the first, the middle, and the last point of the ™ sinusoi-
dal dipole, respectively. Lengths of the first and the second
segment of the k™ sinusoidal dipole are denoted by dy; and
dy,. Constants of conductivity, permittivity and permeability
of the soil are denoted by og, & and g, respectively. Addi-
tional current sampling points may be added along segments
depending on ability of (1) to approximate accurately the real
current variation along conductors. Segments’ length dy have
to be shorter than the wavelength in the soil (actual number
of segments per wavelength has to be determined by the con-
vergence of the results). The Kirchhoff’s current law is ex-
plicitly enforced on all segments’ junction points, Fig. 2. It
should be noted that the time-variation exp(fa¥) is sup-
pressed.

Longitudinal current distribution (1) may be evaluated
from the system of equations:

(71 = (7] ®

where the elements of the column matrix [/] are unknown
current samples. Elements of [Z] are mutual impedances
between sinusoidal dipoles. Elements of [~Zy/,] are mutual
impedances between sinusoidal dipoles and the sinusoidal
monopole on the injection segment multiplied by excitation
current /. Elements of [Z] are[1]:

. Z,
2 = [ F(0), Byl ==

[ Eeameye @

Here 7 .E, is tangential axial component of the electric

field due to current in m™ dipole at the surface of the seg-
ments of n™ dipole. Radius of conductors is denoted by a,
and region (m, ») is segments shared by m™ and n™ dipole. Z,
is the surface impedance defined in [2] as the ratio of the
tangential electric field strength at the surface of the conduc-

Fig. 3. Local Coordinate System

tor to the current density which flows as a result of that tan-
gential electric field. If o¢, &c and uc represent the common
conductance, permittivity and permeability of the conductors,
then [3]: .
_ Ac JoAe) ©)
Y 2ma(o.+ jwey) J(Ay)
Here 1 ~ o (u &, — pz€,) - The Bessel functions of the first

kind of order zero and one are denoted J, and J;, respectively.
To determine z, (4) it is necessary to evaluate the electric
field due to the assumed current distribution.

III. RIGOROUS EXPRESSIONS FOR ELECTROMAGNETIC FIELD

The rigorous expressions for the p- and z-components of
the electric field and the ¢-component of the magnetic field at
a near point due to a sinusoidal monopole (with zero current
at z; and / at 2,), in a local cylindrical coordinate system il-
lustrated in Fig. 3, are [1]:

C .
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where various quantities are illustrated in Fig. 3 or are given
in (2). The electric field at a point near the grounding system
is the sum of contributions from the overlapped sinusoidal
current sources in all segments. Formulas (6) are valid in
unbounded homogeneous medium. The effect of earth’s sur-
face is taken into account by the modified image theory [4].

IV. MODIFIED IMAGE THEORY

The electric field radiated by a current source placed below
or above the earth's surface can be evaluated by the modified
method of images [4]. The following cases can be considered
for the position of the source and observation point.
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Fig. 4. Measured and Computed Transient Voltage to Remote
Reference Ground at Three Points Along Horizontal Copper Wire

(15 m length, 12 mm radius, 0.6 m depth, 70 Qm soil’s resistivity,
15 soil’s relative permittivity).

- Source and observation point in the same medium: The
electric field can be evaluated as a sum of the field of the
current source / and its image "

I'E=€E—€0 IE , I ___50_521 (7)
€ +& £xté
where ¢, is permittivity of vacuum, and subscripts £ and 4,
denote the position in earth and air, respectively.

Source and observation point in different mediums: The
electric field can be evaluated as field due to the modified
current source /"
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V. VERIFICATION OF THE COMPUTER MODEL
A. Comparison with Field Measurements

Recordings from field measurements of transient voltages
to remote ground performed by the Electricite de France
(EDF) [5] are used to verify the model. Fig. 4 shows the os-
cillograms of recorded current impulse injected at the end
point of 15 m long horizontal ground wire and transient volt-
age to remote ground at three points along the wire. Compu-
tations are made by integrating the electric field from the
surface of the conductor to the remote reference ground. The
measured voltages were always higher during the current rise
than the corresponding values of the computation, since the
measured voltages are likely to be amplified by some remain-
ing inductive voltage drop during the wave front along the
60m long voltage divider [5], that was not included in the
simulation.

B. Checking Electric Field Computations by Approximate
Formula

In case of linear conductor the normal component of the
electric field at a point on the surface £, and is found by
constructing a cylinder of radius a equal to the radius of the

conductor and differential length d#. Then Gauss’ law yields:
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Fig. 5. Normal component of the electric ficld at the surface of 15m
long horizontal conductor.
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where Q' is charge per unit length and S is the total surface
of the cylinder and S| 1s one of its end faces. Using the equa-

tion of continuity

, 1 or

o=--—=
Jjo ot

and noting that the second term of (9) is dominant at the

conductors’ open ends and is negligible elsewhere, (9) and

(10) yield for E, along the conductor:

L a
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Here / is the longitudinal current and £ is coordinate along
the axis of the conductor.

Figure 5 shows the intensity of the normal component of
the electric field at the surface of the conductor along its
length computed by the computer program and the approxi-
mate formulae (11). A 15 m long horizontal conductor is
energized by injection of 1 kA steady-state time-harmonic
current on several frequencies from 50 Hz to 1 MHz
(parameters of the conductor and soil are identical with the
corresponding in Fig. 4). Excellent agreement between the
results is obtained.

VI. EXAMPLE OF APPLICATION: SOIL IONIZATION
THRESHOLD IN LARGE GROUNDING GRIDS

As an example for analysis, a 60 m by 60 m square ground
grid with 10 m by 10 m meshes, made of copper conductors
with 1.4 cm diameter, and buried at a depth of 0.5 m, is cho-
sen. The soil is assumed to be homogeneous with a resistivity
1000 Qm, a relative permittivity 9 and a relative permeability
1. A typical double-exponential lightning current impulse
[6]-[8], with peak value 10 kA, time-to-maximum 1 ps and
time-to-half-maximum 50 ps, is fed at a point in the corner of
the grid.
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Fig. 6. Normal Component of the Electric Field at the Surface of 60 m by 60 m Grounding Grid Conductors as a Response to Injected
Double-Exponential 1 ps / 50 ps 10 kA Crest Surge (Corner Injection, Soil: p = 1000 Qm, & = 9).

This example is chosen since it was also used in [6]-[8],
and is suitable for comparison. Possibility of soil ionization
is not taken into account in [6]—-[8]. It is in accordance to the
widely accepted assumption that the soil ionization can be
neglected in large earthing systems. It is usually assumed
that due to the long length of buried conductors the electric
field in soil is lower than the critical breakdown threshold.

In this paper computations are presented to check if the
soil ionization threshold is met or exceeded in the chosen
case. Fig. 6 shows temporal and spatial evolution of the
electric field at the surface of the grounding grid conductors
at six moments of time. Values of the excitation current are
also shown in the figures. Presented model enables detailed
insight in the large grounding grid behavior in the early time
of the transient response.

It is shown that electric field at the surface of the conduc-
tors is developed first near the injection point and propagates
over the grounding grid surface by a finite speed. Maximum
values occur early, at about 0.2 ps, compared to the maxi-
mum of the excitation current at 1 ps. The transient period
ends at about 1.5 ps, when distribution typical for dc excita-
tion 1s developed (Fig. 6f).

The presented results show that the soil ionization thresh-
old (from 300 kV/m to 1000 kV/m [9]) is exceeded during
the transient period. This indicates that contrary to the usual
assumption, the phenomenon of the soil ionization has to be
taken into account in the analysis of transient performance of
large grounding systems subjected to typical lightning cur-
rent impulses.

This also indicates that the domain of applicability of the
presented method is limited to cases when the soil ionization

threshold is not met, that is, to excitation impulses with
lower peak values. This limitation also applies to other com-
puter models that neglect this phenomenon, for example [6]-

(8].
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