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Abstract—The paper presents a study into the potential and
electric field distribution along an insulator string, which is used
for the suspension of 150 kV overhead transmission lines. In
order to calculate the voltage distribution, a model of the
insulator string was set up using OPERA, an electromagnetic
analysis program based on the Finite Elements method.
Simulation results have been compared with experiments which
were successfully conducted in the High Voltage Laboratory of
the National Technical University of Athens. The experimental
procedure is also presented in the paper and discrepancies
between simulated results and experiment and discussed.

Index Terms—Insulators, electric fields, smulation software,
finite element methods.

I. INTRODUCTION

INSULATOR strings are used for the suspension of overhead
transmission lines. Capacitances are developed between
each insulator in the insulator string with respect to the high
voltage conductor as well as to earth. In addition, stray
capacitances between insulators are developed. These
capacitances have different values for different positions of
the insulators in the string. As a result, the voltage distribution
along the insulators is not uniform, with the insulators nearer
the conductor are more highly stressed.

Several numerical computation methods have been
developed for computing electric fields and potential in
studying the behaviour of insulators [1-6]. These methods
give the possibility to examine the behaviour of models with
very complex geometry without using analytical methods or
experiments.

In this paper, the field and potential variation in a porcelain
insulator string is thoroughly investigated using modeling
tools and experiment. Modelling results obtained using
OPERA-2d and OPERA-3d, a software suite that uses the
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finite element method to solve the partial differential
equations that describe the behaviour of electromagnetic
fields, are compared with experimental results.

II. EXPERIMENTAL APPARATUS

The aim of the experiments was the study of the voltage
distribution along an insulator string. The investigated
insulator string that consists of ten porcelain insulators of the
cap-and-pin type is used for the suspension of 150kV
overhead transmission lines. The test arrangement is shown in
Fig. 1.
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Fig. 1. Experimental set-up.
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A 110V/55kV transformer is fed through a 230V self-
transformer. At one edge of the insulator string (10th
insulator) is connected a transmission line and the other edge
(1st insulator) is grounded. The geometrical characteristics of
the investigated insulator are the diameter, which is 254 mm,
the height, which is 146 mm, and the creepage distance, which
is 305 mm. In parallel with the i-insulator is connected a
sphere gap. The high voltage is measured by two methods.
The first method uses the voltmeter V; in the primary part of
the transformer and then transforms the low voltage U; to a
high voltage using the voltage transformer ratio (a) multiplier.
The second method uses an electrostatic voltmeter E, and
measures the high voltage U, in the secondary of the
transformer [7, 8]. The average U; of the two values is the
voltage applied across the ten insulator strings:

U, -a+U,
2 1)

By increasing the voltage U, the sphere gap critical voltage
Ugis being reached. The percentage of the voltage P;, which is
applied in the i-insulator, is given by

U
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Moving the sphere gap in each of the ten insulators and
calculating the rates P; for each insulator, the critical voltage
of the sphere gap is calculated by the equation
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In Fig. 2 a series of experimental results is presented. The
voltage distribution across the insulators is not uniform, owing
to the presence of stray capacitances. It is noted that the
precision of the measurements is proven from the repeatability
and reproducibility of the measurement results.
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Fig. 2. Series of experimental results: Insulator Rates.

III. SIMULATION

OPERA, a Finite Element Analysis program for two and
three dimensional electromagnetic design [9, 10], was used to
analyse fields and potentials along the insulator string. The
insulator string was first modeled using OPERA-2d. The
model assumes that the complete geometry is axi-symmetric.
Although the assumption is true for the insulator string
components, it does not provide a true representation of the
excited and earth conductors. In order to increase the accuracy
of the results, the density of the finite element mesh was
increased in the critical regions of the insulator where the
dielectric properties of the materials are such that the electric
field intensity changes rapidly in space. Fig. 3 presents the
potential distribution as computed in the two- dimensional
model of the set-up. Fig. 4 illustrates the potential distribution
along a set of lines running parallel to (and at different
distances from) the axis of the insulators. Fig. 5 shows the
electric field distribution along the same lines.

Fig. 3. Equipotential contours in and around the insulator.

Fig. 4. Potential along the insulator.

Fig. 5. Electric Field along the insulator.

The main compromise in creating a two-dimensional model
of the insulator string setup related to the fact that although
the main insulator geometry was axi-symmetric, the complete
structure was in essence three-dimensional, owing to the
presence of the excited and earth conductors [11]. In order to
alleviate this, the insulator string was subsequently simulated
using the three-dimensional program OPERA-3d.

Fig. 6 shows the complete three-dimensional model of the
cap-and-pin insulator string structure, which is used for the
suspension of 150kV overhead transmission lines.
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Fig. 6. The three-dimensional model of the insulator.

Figs. 7 and 8 depict the potential and electric field
distribution on a cartesian patch on a YZ plane for the cap-
and-pin insulator string structure (note that the insulator axis
in the OPERA-3d model was maintained to be the Z-axis, with
the excited conductor running along the X axis). The section
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of the insulator nearer the conductor is shown to be more
highly stressed.
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Fig. 7. Potential distribution in the porcelain insulator.
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Fig. 8. Electric field distribution in the porcelain 1nsulator

Figs. 9 and 10 illustrate the potential and the electric field
distribution, respectively, along a set of lines running parallel
to the axis of the insulators (Z-axis) and at different distances
from this along the Y-axis (the above lines are vertical wrt the
X-axis).

Figs. 11 and 12 present the potential and the electric field
distribution, respectively, along a set of lines running parallel
to the Z-axis and at different distances along the X-axis.
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Fig. 9. Potential along lines parallel to the insulator axis and at different
distances from this along the Y-axis
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Fig. 10. Electric field along lines parallel to the insulator axis and at different
distances from this along the Y-axis.
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Fig. 11. Potential along lines parallel to the insulator axis and at different
distances from this along the X-axis.
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Fig. 12. Electric Field along lines parallel to the insulator axis and at different
distances from this along the X-axis.

The values of the potential and the electric field in Figs. 9
and 10 are shown to be lower that those of Figs. 11 and 12,
owing to the position of the excited conductor. This variation
in the field around the azimuth of the insulator strings cannot
be calculated using the two-dimensional model. It is hence
shown that a significant error is inherent in the two
dimensional model, and successfully quantified using the
three-dimensional software.

Fig. 13 presents the electric field as a histogram on a
cartesian patch on the YZ plane which passes through the
center of the model at X=0. The insulator near the excited
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conductor is more highly stressed, although the value of the
electric field is still at a level lower than the dielectric stress of
the porcelain.

Vector F_|<.'lds ﬁ
Fig. 13. Histogram of the electric field in a cartesian patch on a YZ plane at
X=0.

IV. COMPARISON OF THE RESULTS

Fig. 14 presents a comparison of two and three-dimensional
simulated results of the insulator string voltage distribution
with experiment. Fifteen series of experiments have been
carried out and the average value and the standard deviation
have been calculated. A very good agreement has been
ascertained, when comparing the experimental results with
simulated OPERA-3d results. On the contrary, OPERA-2d
simulation results show a significant deviation from
experiment. The reason of this disagreement is attributed to
the fact that the two-dimensional model cannot correctly
represent how the geometry of the excited and earth

conductors significantly alter the axi-symmetry of the
problem.
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Fig. 14. Comparison between experimental and simulation results.

V. CONCLUSIONS AND FUTURE WORK

The studied approach is applicable to any insulator type,
leading to reliable results in a very fast and economic way,
helping the HV overhead line planners to the selection of the
right insulator type. A very good agreement has been

ascertained, when comparing experimental results with results
from simulations using OPERA-3d. Two-dimensional model
results deviate from experiment, due to the presence (and
significance) of the non-symmetric parts of the model (i.e. the
transmission line and ground). Although good agreement was
obtained between experimental results and 3d-FEA prediction,
more work is needed to achieve better, consistent agreement
and account for pollution effects. The work needs to focus on
obtaining accurate material data (permittivity and conductivity
values) for the materials constituting the insulator (porcelain,
cement and iron) as well as the pollution. It is intended to
depart from conventional methods for the modeling of the
insulator strings using an Electrostatics solver. The model
needs to account for the conductivity of the insulator
components. Having optimized the setup and the mesh of the
true three-dimensional geometry, it is now intended to exploit
new lossy-dielectric solvers in OPERA-3d to account for the
conducting as well as the dielectric properties of the materials.
Such studies are currently undertaken in two dimensions using
OPERAQ-2d/LD. The present work has proved that this needs
to now be extended to three dimensions.
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