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Abstract—Lightning electromagnetic fields have been calcu-
lated traditionally considering that terrain is flat. It is important
to consider the influence of the orography in the lightning
electric fields, specially in countries that are surrounded by
mountains. Although, a first approximation to the phenomenal
can be obtained by means of the use of numerical methods, a
reliable measurement of those fields can be obtained by means of
experimentation. In this paper, we present the design of a reduced
scale model to measure electric fields near inclined terrains. Also,
simulations done by means of the FDTD method are presented
with the aim to show the expected measurements of the reduced
scale model.

Index Terms—Electromagnetic fields, lightning induced volt-
ages, non-flat terrains, inclined terrains, Reduced Scale Model,
Finite Difference Time Domain Method (FDTD).

I. INTRODUCTION

The electromagnetic field produced by lightning has been
studied by several authors aimed to calculate lightning induced
voltages in transmission and distribution lines, phone lines and
near electrical systems [1-3]. There is an important influence
of the electromagnetic field in the amplitude and wave shape of
the lightning induced voltages. The lightning electromagnetic
fields have been calculated considering that the terrains are flat
[1,3-5]. Nevertheless, it is not the case of many places in the
world, as the Andean and the Alpes region, that are surrounded
by mountains and where the flat terrain approximation could
not be reasonable and it is expected that the electric fields will
be different. For this reason, it is important to calculate and
to measure the electric fields near non-flat terrains.

Different studies, have been conducted in order to have
a reasonably estimation of lightning electromagnetic pulse
(LEMP). One of the most classical approach has been done
using analytical expressions based on dipole technique [6-
8], considering lightning as a straight vertical antenna over
a perfectly conducting ground plane. In order to take into
account ground conductivity, Cooray-Rubinstein [9-11] in-
troduced a formula for calculating the horizontal electric
field over non-perfect soil. Some other approaches use more
complicated schemes [12] solving the so-called Sommerfeld
integrals[13]. However, these approaches, in general use a
flat terrain. In order to include more complex configurations,
and non-homogeneous propagation media, it is possible to
use numerical methods for solving Maxwell equations. For

example, for LEMP calculations it has been used Finite
Element Method (FEM) [14, 15], method of moments [16, 17],
and the Finite Difference Time Domain method (FDTD)[18—
22], which will be used in this paper. The FDTD for solving
Maxwell equations, has been introduced by Yee [23,24] and
has become popular for calculating electromagnetic fields [25].
Several applications of the method has been presented to
calculate lightning electromagnetic fields [18-21], in general,
considering flat terrain.

Although numerical or analytical approximations can be
useful in many cases, a few models have been developed
to calculate electromagnetic fields over non-flat terrains. For
this reason, some measurements need to be done in order to
obtain real behavior of the phenomenal. In this paper, we
measure those fields by means of a reduced scale model.
A reduced scale model is important to a) the validation of
codes that calculate over-voltages induced by the lightning
electromagnetic pulse (LEMP) and b) the prediction of the
LEMP-induced voltages for those cases which, due to their
extreme complexity, cannot be simulated with the existing
version of these codes [26]. The scale factors can be derived
by applying Maxwell’s equations to the real system and the
reduced-scale model and, then, by relating the quantities of
interest in both systems [26]. The scale factors obtained when
the medium is air are shown in Table I, where p is the ratio
between the quantities in the model and in the full-scale system
and « is the relation between electric and magnetic fields in
the model and in the full scale system.

This paper present the design of a reduced scale model,
which allows the measurement of lightning electric fields
above a flat and non-flat terrain configuration, both over perfect
and non perfect soil. The performance of the reduced scale
model is simulated by means of the FDTD-3D method. The
knowledge generated in this work, allows the improvement
of overhead line indirect lightning performance and lightning
location systems which is related with the improvement of
Power Quality.

II. REDUCED SCALE MODEL

The choice of length scale factor depends on the available
space and the minimal wave front that can be generated and
measured [26][27]. Because the location of the reduced scale
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TABLE I
SCALE FACTORS: RATIOS BETWEEN THE VALUES OF THE
QUANTITIES IN THE MODEL AND IN THE FULL-SCALE
SYSTEM. ADAPTED FROM [26][27]

Quantity Relation
Length (/)

Time (1)

Electric Field (E)
Magnetic Field (B)
Resistance (R)
Capacitance (C)
Inductance (L)

Impedance (Z)
Propagation Velocity (v)
Frequency (f)
Conductivity(o)

Voltage (V)

Current (I)

Resistivity (p)

Dielectric Constant (€)
Magnetic Permeability (u)
Wave Length ()
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model will be the soccer field of the Faculty of Minas of
National University of Colombia in Medelln, a scale factor p
=a= 1:200 is allowed. The reduced scale model is composed
by the following components [26][27]:

A. Ground Plane

A rectangular plane 3x10 m~ will be constructed, by
means of interconnected aluminum plates (corresponding to
600x2000 m? in the full-scale system). Due to scale factor
of conductivity shown in Table I, the aluminum plates can
be considered as perfect electric conductors in the full scale
model. The aluminum plates will be placed over a metallic
table 0.8 m in height. The metallic structure will be inclined
a suitable angle to verify the influence of the inclined terrain
in the electromagnetic fields.

2

B. Return Stroke Channel

The return stroke channel consists of the union of two
copper conductors wounded on an insulating rod of PVC. The
height of each rod is 3 m. The injection of a step voltage at rod
base has a current response as the shown in Fig. 1. According
to this figure the travel time of the wave from the bottom of
the channel and go back is approximately 200 ns. The return
stroke velocity is equal to:

L 1)
7T  200ns

The velocity measured along the channel is approximately
10 % of that of light in free space. The surge impedance can
be obtained of the division between voltage and current in the
first 200 ns, it is equal to 4 k) approximately.

=3210"m/s

C. Stroke Current Generation System

The current is generated by means of a voltage source
injected into the base of the lightning channel. The source is
a voltage multiplier circuit as the shown in Fig. 2. The circuit
consists of 4 steps and generates a voltage of 680 V D.C.

25

Voltage (mV)

Current (HA)

-15

Time (ns)

Fig. 1. Voltage injected and measured at channel base

n-2) Vv, (n)V,as Ry, o0

Fig. 2. Cascade multiplier circuit of n steps. Taken from (—-)

In order to obtain a voltage drop less than 10 % in a time
of 0.7 ms, taking into account a load of the channel of 4 k{2,
capacitors of 6.8 uF were chosen. The simulated load current
is shown in Fig. 3. The peak value of the current is 170 mA
and a decrement of 6.7 % in the first 1ms is seen.

152m

899.750m 700.000m 700.250m 700.500m 700.750m 701.000m 701.250m

TIME (s)

Fig. 3. Current measured at load end of the stroke current generation system

The voltage produced is injected into the lightning channel
by means of a very fast switching dispositive MOSFET, which
can produce a front time of approximately 20 ns.
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D. Overhead distribution line

The line is a copper conductor, Sm long, 5 cm height and
a radius of 0.4 mm. The line at full-scale will be equivalent
to a lkm line, 10 m height and 80 mm radius.

E. Measuring System

The electric field is measured by means of a ring, concentric
with return stroke channel. The measured voltage at this ring
is proportional to electric field [26]. The induced voltage is
measured at beginning and at end of line by means of an
oscilloscope with a bandwidth of 100 MHz, 1GS/s and 1
mV/div.

III. METHODOLOGY FOR CALCULATING LIGHTNING
ELECTROMAGNETIC FIELDS

In order to simulate the reduced scale model, the finite
difference time domain method (FDTD) was employed in
the 3-D Cartesian coordinates system [24]. It was simulated
a metallic plate 3 x 10 m? with a very high conductivity
(0=1e8), surrounded by a concrete space (corresponding to
the soccer field where the model will be placed). The concrete
conductivity was assumed to be 0=7,14 mS/m.

The grid dimensions were 15 (in x)x10 (in y) X6 (in 2)
m? (see Fig. 4) and the space step was set as Az = Ay =
Az = 0.05m, due to the available computational capability.
The inclined terrains was represented by staircases in 3D [24].

It has been simulated a lightning channel with a base current
characterized by a peak value of 170 mA and a front time of
20 ns. (The obtained channel base current at reduced scale
model). It can be represented by a Heidler function [20]
given by the following parameters: [p1 = 160mA, 71 =
4.4Tns, 112 = 200ns. The lightning channel was placed at the
middle of the working space. For simplicity, it was used a TL
model to represent the return stroke current along the channel
[28][29]. It has been simulated the height of the constructed
channel (6 m) and the return stroke velocity measured (30
m/us) at this channel (See Section II-B).

In order to validate the electromagnetic field obtained by
FDTD code [23], it was compared the electric field calculated
by the 3D-FDTD methodology with the integral equations
developed by Uman [8] for LEMP calculation. The vertical
electric field calculated at a distance of 1 m from the lightning
channel described above, at ground level over a perfectly
conducting flat terrain is shown in Fig. 5. It is possible to
see a good agreement between the two methods.

IV. RESULTS

Two configurations are simulated according to the arrange-
ments to be implemented in the reduced scale model, as is
shown below:

A. Flat ground

The first is the configuration described in Fig. 4, where a
ground plane is placed in the middle of a working volume with
a soil of concrete. The vertical electric field £, measured at
point P1 is seen in Fig. 6.

ISm 10 m

Fig. 4. Simulated space. The ground plane and lightning channel is at the
middle of the working space

o = 7.14 mS/m
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Fig. 5. Vertical Electric field E. calculated at a distance of 1 m from the
channel of the reduced scale model over a perfect conducting flat ground

B. Inclined terrain

The second configuration is the result of inclining the
ground plane of the previous configuration, an angle « of
30°. It is presented in Fig. 7. With the aim of comparison, the
perpendicular electric field £, to the ground was calculated in
each simulation (for flat terrain the perpendicular electric field
E, is equal to vertical electric field E,). In Fig. 8 is presented
the perpendicular electric field E, obtained at points P1 and P2
compared with the vertical electrical field for flat terrain. The
electric field at Point P2 is enhanced in magnitude compared
with the case of flat terrain. It is explained by the closeness
between lightning channel and measurement point P2 . The
perpendicular electric field E, at point P/ is decreased in
magnitude compared with the case of flat terrain, this could
be explained due to the lightning channel is farther from the
measurement point P/. The tendency of the results presented
previously in Fig. 8, coincides with inclined lightning channel
studies published before [16][30]. It is explained because
according to the method of images, an inclined lightning
channel is equivalent to a vertical lightning that strikes an
inclined terrain [31].

The tendency presented above is applicable to points located
aside lightning channel (according to other simulations done,
not presented). It implies that a line placed over an inclined
terrain has a vertical electric profile highly variable from that
obtained for flat terrain (due symmetry of the fields). For this
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Fig. 6. Vertical Electric Field E; measured at Point P1 in configuration
presented in Fig. 4
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Fig. 7. Configuration of Inclined terrain. The electric fields are calculated at
points P1 and P2.

reason it is expected a different magnitude and wave-shape of
lightning induced voltages was found.

V. CONCLUSIONS

The design of a reduced scale model to measure the
electric field over an inclined terrain has been presented. The
results of this experiment serves as validation of numerical
codes developed previously to determine the influence of the
orography on lightning electromagnetic fields. This knowledge
is useful to the improvement of lightning location systems and
lightning induced voltages calculation.

A modeling of the reduced scale model has been presented.
A ground plane that can be inclined an angle o surrounded
by a space of concrete that represents the soccer field in
that is placed the model is striked by the lighting channel
constructed. The lightning current is generated by means of a
voltage multiplier system. The overall space is simulated by
means of the 3D FDTD method.

The results found of the electric field above an inclined
terrain shows a significant difference respect the flat terrain
case. The electric field calculated at point P1 decreases its
value respect the flat terrain case, because the farness of the
point to the lightning channel, while at point P2 the electric
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Fig. 8. Perpendicular electric field E;, calculated at Point P1 in configuration
presented in Fig. 7

field increase its magnitude as a result of the closeness with
the lightning channel.

It is expected that the results obtained by Finite Difference
time domain method in 3-D Cartesian coordinates system,
could be validated by the constructed reduced scale model.
So that reliable and real data could be used to improve
the performance of distribution networks placed over non-flat
terrains.
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