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ABSTRACT
This paper, will present some results of investigations carried out on electric field distribution on
the surface of a discontinuous plane of short rod-plane air gap arrangement. For this purpose, we
have used different results obtained by an experimental model and a numerical method for
computation used the finite elements methods (FEM). The effect of interface on the field stress
has also been studied, As a result, the interface locally reinforces the electric field, and then the
electric field increases at the interface may lead to a discharge between the high voltage rode and
the interface. In the vicinity of the interface, we have observed a kind of discontinuity in the
evolution of the electric field intensity. This latter becomes greater than the value obtained in the
case of gaps with homogeneous plane earth. The electric field distribution, obtained by means of
the computational procedure, is in good agreement with the experimental results.
Keywords: discontinuous plane; the electric field; homogeneous plane; the finite elements
methods (FEM).
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1. INTRODUCTION
In the field lightning protection several models had been proposed by different authors. The more
studied case is the negative descending strike. In such case, when the steeped leader reaches its
critical position, the final jumps occur with a probability overloading to the principal discharge
(return strike) characterized by the ascending positive current flow from the earth to the storm
cloud, neutralizing the negative charges situated at the basis of this latter [1-3].
In some electrode geometries, the electric fields can simply be expressed analytically in a closed
form solution; in another way, the electric field problem is complex because of the sophisticated
boundary conditions, including media with different permittivity and conductivities. For
assessing the electric field distributions in the complex arrangements, sometimes in three
dimensions, analytical methods are by no means suitable. In such cases the other approaches are
in use, numerical techniques and experimental analogs. Numerical methods are particularly
useful when the analytical solution is very complicated or impossible [1].
Electric field problems in high voltage technique are mostly electrostatic field problem. The
calculation of electrostatic fields requires the solution of Poisson’s and Laplace’s equations with
boundary condition satisfied. Several numerical techniques have been used in the literature for
solving Laplace’s and Poisson’s equations for the fields between complex electrode arrangements
[4-7]. Finite element method FEM is one of the most successful numerical methods for solving
electrostatic field problems. FEM can be employed successfully for the computation of an
electric field between electrodes in a medium where one or more dielectrics are involved.
Solution of the electric field problems by FEM is based on the fact, known from variational
calculus, that Laplace’s equation is satisfied when the total energy functional is minimal [8-10].
Several models have been proposed for the calculation of the electric field and charge density
distribution using the finite element techniques [11] , the calculation of the electrical quantities is
performed using a finite element method. The calculated of electric field distribution are
compared to measured ones carried out on laboratory model of rod-plane air gap arrangement.
Therefore, the aim of the present work is to validate a numerical model and to show that
modeling of electric field under lightning impulse voltage can successfully be performed using
finite element techniques [12-15].
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2. EXPERIMENTAL SET UP
The used arrangement with homogeneous system is made up of a square metallic sheet (Fig.1).
The high voltage (HV) rod is made up of steel with 4.8mm diameter, and hemispheric end shape.
The applied voltage is given by a (-1.2/50µs) lightning impulse generator of 600 kV, 4 kJ. The
position of the rod is determined by its height h compared to the earth. The studied earth called
“discontinuous earth” is made up of a square metallic sheet with 10 mm thickness and having two
different levels of respective surface 1.2×1.2 m2 (Fig.1). The position of the rod is determined by
its height (h) compared to the earth and the distance (D) between its axis and the interface. This
distance is considered positive when the rod is located above the high and negative part in the
other case.
HT

HT

h

Probe

h

Probe

Interface

D

d
d
E(kV/cm)

(a) homogeneous system

Aluminium

e

E(kV/cm)

(b) discontinuous system

Fig.1. Experimental arrangement for electric field measurement

The distances h are the same one as in homogeneous system, but the distances d and D are
selected so that the tests are carried out for d/h ratio and respectively identical D/h for various
values of h. The applied voltage level to use is 0.5U0% of the rod-plane corresponding system, at
each selected distance h. For a given height h, we as well apply the same applied voltage level for
the rod located above the high part as above the low part of the discontinuous plane [1].
Thus it is the same level of applied voltage U0% which is taken into account for a given height h
and the corresponding height h+e when the rod is located above the low part of the discontinuous
plan. We are interesting to the U0% voltage of disruptive discharge in order to determine the
voltage level of selected test equal to 0.5U0%. This applied voltage level allow to avoid the
disruptive discharges on the level of the probe because of its sensitivity to the high currents. We
use these measurements results in the model mathematic.
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Fig.2. U0% voltage with regard the air interval h.
We consider U0% as being the voltage having a probability of discharge equal to 0.1% on the
Gausso-arithmetic scale. According to measurements, we note that the applied voltage U0%
grows linearly with the increase length of the interval of air h (Fig.2).
The obtained values of U0% for 8, 12 and 16 cm are also taken as voltage level of tests in the case
of the measurements of field for the positions of the stem to the top of the low part of the
discontinuous plane; the corresponding distances as far as field will be respectively 18, 22 and 26
cm.
3. PROBLEM DEFINITION AND FORMULATION
In this study, the electric field distribution in a rod-plane gap with a discontinuous plane is
numerically analyzed by using finite element method (FEM). For applications of ac having extra
low frequency as 50/60 Hz or dc voltages, problems may be considered an electrostatic field
problem and therefore the electric and magnetic field components may be considered
independently of each other, and calculations made on the basis of static field concepts. In the
case of electrostatic (and also quasi-static) fields since other electromagnetic fields Maxwell’s
equations are the governing equations [8-10]. In electrostatics, Maxwell’s equations and
constitutive equation reduce to the following form
∇⃗. ⃗ = /
∇⃗. ⃗ = 0

⃗= . . ⃗

(Gauss’s law)

(1)

(Current continuity condition)

(2)

(Equation of current density)

(3)
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(Equation relating the electric field to the potential)

(4)

Where J is the current density vector,  the ionic charge density, 0 is permittivity of free space, 
the ionic mobility (assumed constant in this work), E the electric field, and  the electric
potential. By substituting (4) into (1), we can obtain the familiar Poisson’s equation:
∇⃗. ∇⃗ = /

(5)

and substituting (3) into (2), expanding the divergence, taking into account of (1) and (4)
provides an equation that governs the evolution of charge density in inter-electrode space:

∇⃗ . ∇⃗ −  = 0

(6)

In this study, solution of the problem is obtained from solution of Laplace’s equation in
cylindrical coordinates. In circular-cylindrical coordinates (r, θ, z), three-dimensional expression
of Laplace’s equation is
( , , )

+

( , , )

+

( , , )

+

( , )

=0

(7)

Solution of equation (7) depends on boundary conditions of the problem. When the problem is
solved by FEM, all boundary conditions of the problem must be known. The rod-plane gap is an
open boundary problem. It means the field may extend to infinity.
4. RESULTS AND DISCUSSION
4.1 Electric Field with Homogeneous Earth
In order to obtain a reference for the comparison between the results of experimental and
numerical computation with discontinuous system, we initially determine the distribution of the
field in the case of the homogeneous system, according to the height h of the stem under high
voltage in the case of the selected voltage level 0.5U0% (Fig.1).
With the applied voltage level 0.5U0%, we notice that, the intensity of the electric field tends
towards a constant value, as the probe moves away from the rod under voltage starting from a
relative position d/h higher or equalizes to 2. When the probe approaches the axis of the rod for
d/h lower than 2, the intensity of the field increases slightly and takes a maximum value for
d/h ≤ 1 , (Fig.3).
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For the various positions of the probe (d/h) for the applied voltage level, we notice that the length
of the air interval (h) has a great influence on the value of the field on the earth. Indeed, we notice
that the intensity of the field increases with the height h. This increase would occur the applied
voltage level at the rod, corresponding to 0,5U0% of the interval. For the intervals h= 18cm, 22cm
and 26cm, one same applied voltage U0% as the intervals h=8cm, 12cm and 16cm respectively,
which explains the reduction in the field for these great intervals. The increase in the field on the
earth could be explained by the presence of the field creates by the space charge in the vicinity of
the rod when the applied voltage level increases (Fig.3).
The results obtained from FEM analysis show that the equipotential lines are condensed around
the rod and field distribution in the gap is non-uniform. The field at the rod surface reaches its
maximum value at the point facing the grounded plane.
6

6

5

5

4
E(kV/cm)

E(kV/cm)

4

3

3
2

2
h+e=18cm

1

h+e=22cm

h=8cm

1

h=12cm
h=16cm

0
0

1

2

3

4

5

h+e=26cm

0
0

1

2

3

4

5

6

6

d/h

d/h

Fig.3. Electric field measured on the earth according to the position d/h of the
probe (Voltage level U = 0.5U0%)

4.2 Electric Field with Discontinuous Earth
After the determination of the voltage U0% for the various heights h and the measurement of the
electric field of the homogeneous system conducting, we proceed to the study of the various
discontinuous earth configurations (Fig.1). We distinguish a-two-system requirements rod-plan in
the case of the discontinuous earth which were defined according to positions of the rod
compared to the two parts of the discontinuous earth.
4.2.1 Case of the Rod at the Top of the High Part of Discontinuous Earth
For the applied voltage level 0.5U0% and for the positions of the probe far from the interface (d/h
> 2), we notice that the intensity of the field measured on the high part of the discontinuous earth
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is practically equal to that corresponding to the case of the system with homogeneous earth of the
same length ( Fig.4). Near the interface (d/h<2), the results obtained show a kind of discontinuity
in the evolution of the electric field. This discontinuity is due to the role of the interface which
would have the same effect as a point, transforming the system rod-plan into system rod-rod.
This fact explains the abrupt increase in the field above the interface and the reduction in the
rigidity of the interval rod-interface and the phenomena of discharge observed in preceding
research tasks [1]. Indeed, even for relatively large D/h distances, electric discharges can occur
between the rod and the interface and not between the rod and the plan according to the path the
shortest correspondent with the height h (Fig.2).
We notice that the air interval rod-interface constitutes preferable path for the lines of field.
Indeed, the system rod-interface which behaves as a system point-point is less rigid than the
system point-plan. This justifies, the reason why, we sometimes obtain disruptive discharges on
the interface, for the low values of the D/h ratio.
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Fig. 4. shows the variation of the electrical field distribution for various position
obtained by experimental measurements, with E0 = 4.6 kV/cm, h=16 cm. [1]
In this study, numerical computations are performed by using FEM technique. Electric field of
the rod-plane gap (Fig 5) is obtained by applying the initial and boundary conditions. Initial
condition applies when there is no charge in the gap before the application of the voltage. We
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assumed that the applied voltage is 1 Volt across 16 cm gap distance in air at atmospheric
pressure. Fig 5 shows the computed electric field distribution on the discontinuous plane when
the rod is located on the high part of the discontinuous plane.

D/h = 1 cm

D/h = 0 cm

D/h = 2 cm

Fig.5. The electric field distributions on the discontinuous plane, Obtained by FEM.
D distance Rod-Interface , h=16 cm

The most important factor influencing the occurrence and characteristics of electrical discharges
on a gap is the electric field distribution on the plane. An analysis of discharge performance
requires information on the variation of electric field around the interface of the discontinuous
earth and especially maximum electric field on the interface.
If maximum field intensity is greater than electric strength of dielectric medium of the gap, an
electrical discharge such as partial discharge, corona or breakdown begins from the maximum
field point in the dielectric. Therefore, accurate determination of electric field distribution and
maximum field is an important pre-requisite to the evaluation of the discharge performance of
HV apparatus and components.
Electric field calculations are carried out for different distances between a rod and interface (Fig
5). At the end of each computation maximum field value was easily read on surface plot created
by the FEM program for electric field distribution.
The results obtained from FEM analysis show that the equipotential lines are condensed around
the interface and field distribution in the gap is non-uniform. The field at the interface surface
reaches its maximum value. This method was tested with several experimental measurements and
it was observed that the magnitudes of the field intensity calculated are lower than the
measurements. This gives a conservative value that can be used to design protection distances.
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4.2.2 Case of the Rod at the Top of the Low Part of Discontinuous Earth
With regard to the field on the low part of the discontinuous earth, the results show that the field
intensity is lower than that of the high part. That is due to the increase in the distance rod-probe.
In the vicinity of the interface, the field takes the lowest value on the plan (Fig.6).
In this case where the rod is located above the high part of the plan (Fig 6), we notice that report
(E/E0) is close to the unit, for the position of the probe far from the interface (d/h>1).
On the level of the interface, where the system rod-interface behaves as a system rod-rod which is
less rigid than the system rod-plan, the relationship between the two systems takes the value
maximum (E/E0=1.25) which corresponds to the value where there is a great probability of
having disruptive discharges direct on the interface (Fig. 6).
1.5
D/h=-0,5
D/h=-1
D/h=-2

E/E0

D/h=-4

1

0.5
-6

-4

-2

0

2

4

6

d/h

Fig.6. shows the variation of the electrical field distribution for various position obtained
by experimental measurements, with E0 = 3.82 kV/cm, h=16 cm.[1]
Here, the rod is inserted in the low part of the discontinuous earth and field distributions for
different cases of positions are examined. In the calculations the rod was horizontally moved.
Figure 7, shown an example for the obtained electric field distribution on the discontinuous
plane.
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Fig.7. The electric field distributions on the discontinuous plane, obtained by FEM.
D distance Rod-Interface , h=16 cm
In this figure, the presence of the rod on the low part, changes the electric field distribution
according to the case of field distribution on the high part. Maximum electric field on the
interface quickly increases with the decreases of the distance (D) as shown in Fig 7. Small
distances are critical point of view obtaining higher maximum field. From the results of the
simulation it is possible to conclude that the simulations can reproduce the experiment with very
good agreement.

5. CONCLUSION
Our work is directed towards the determination of the distribution of the field on a discontinuous
earth, in order to confirm the influence of the interface on the electric field distribution. The study
developed in our research highlighted the performances of the probe at capacity distributed for
measuring the electric field intensity on the earth.
Using this method of measurement (probe with distributed capacity), we determined the
distribution of the field on the earth, as well in the case of a homogeneous and discontinuous plan
with an interface of constant depth (e).
The test results obtained lead us to make the following observations:
The intensity of the field measured or simulated on the level of the interface, is much more
significant than that in other points of the earth. This is due to the fact that the interface locally
reinforces the electric field, which causes the rise in this latter, and the appearance sometimes of
discharges on the interface in certain cases (d/h=0 and D/h=0), in spite of the choice of voltage
level relatively low tests compared to the voltage level U0% corresponding to 0.1% of disruptive
discharge in the case of the homogeneous earth.
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In the vicinity of the interface, we observe a kind of discontinuity in the evolution of the intensity
of the electric field, this one, while decreasing, becomes lower than the value obtained in the case
of the good conducting homogeneous earth of the same length.
The results of the simulations have shown that the FEM can reproduce the experimental results
obtained for the discontinuous plan configuration with good accuracy. The maximum electric
field intensity obtained on the interface.
FEM is highly valued to the calculated electric field configurations with fairly simple programs
and small computing time; it has the ability to solve the electrostatic problems very quickly and
with high precision.
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