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Abstract—High Voltage Direct Current (HVDC) systems are in-
creasingly being adopted around the world to integrate renewable
resources, increase power transfer, and allow flexible grid opera-
tion. HVDC overhead lines play a critical role in this, and focus is
needed on the research of composite outdoor insulators failure. In
the case of a pole to ground fault of a bipolar scheme, the healthy
pole experiences a slow transient overvoltage similar to a Switching
Impulse (SI) superimposed on the operational DC voltage. How-
ever, there is no standard test for such voltage superimposition.
This paper investigates the performance of a composite insulator
stressed with such superimposition under dry and rain conditions.
To determine the direct voltage influence on the flashover voltage,
the results have been compared with the SI only case. Four different
rain conductivities have been used in the test program because these
insulators can be exposed to different acid conductive rain types,
typical of industrialized environments. Both vertical and horizontal
orientations have been studied. It was possible to conclude that,
in most cases, the direct voltage pre-energization has a negative
impact on the flashover performance. The increase in rain conduc-
tivity leads to lower flashover values, and the horizontal orientation
outperforms the vertical configuration. Under these test conditions,
the flashover voltages were all larger than a typical DC operational
switching surge. Thus, in the case of pole to ground fault, the healthy
pole failure risk appears to be low. However, further research is
needed on higher voltages and polluted conditions.

Index Terms—Insulator, HVDC, Switching Impulse,
Superimposition.

I. INTRODUCTION

H IGH Voltage Direct Current (HVDC) systems are increas-
ingly being integrated into the power grid. The main drive

for this is to harvest renewable resources like wind energy and
solar radiation or to maximize the transmission capability of the
power system between the areas of production and consumption
of electricity. The development and implementation of such
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new technology bring new research challenges that need to
be investigated. One of these challenges is to determine how
outdoor insulators perform under various stress conditions. For
example, when a pole to ground fault occurs on bipolar DC lines,
the healthy pole is stressed by a slow transient overvoltage super-
imposed on the system DC voltage [1]–[4]. The same happens
for the neutral conductor [5]. These superimposed overvoltages
are similar to a Switching Impulse (SI) [5].

This paper aims at contributing to the understanding of the
new problem by bringing new experimental data of tests operated
on a composite insulator. These tests have been performed
with positive and negative SI voltage, and negative SI voltage
superimposed on negative direct voltage. A comparison between
the two tests has been conducted to quantify the degradation of
performance due to DC energization when switching impulse
is superimposed and explore whether an indicative [6], [7]
switching surge factor (SSF) of 1.5 can be safely withstood.
SSF is defined as the ratio between the maximum switching
surge voltage and maximum operating pole to ground voltage
of the power system [8].

An analysis of the time to flashover with respect to the
flashover voltage has also been performed to determine the
possible relationship with the superimposition test. This analysis
of the time to flashover is essential to HVDC systems control
engineers to accurately simulate the instant of fault caused by
switching surges.

This work will be of interest primarily to outdoor insulator
technical experts and Standard Tests developers, HVDC protec-
tion engineers and scientists and, secondarily, to Transmission
System Operators (TSOs).

II. BACKGROUND

A number of papers have been published on the characteriza-
tion of outdoor insulation under HVDC, as reviewed in [9], [10],
and under lightning impulse superimposed on direct voltage
[11]. However, to the authors’ knowledge, only Cortina’s paper
[12] and Watanabe’s paper [13] describe the superimposition
energization, which is carried out in this work. Cortina et al. [12]
used a fixed amount of Salt Deposit Density (SDD), using rain
on substation post insulators, glass cap-and-pin and compos-
ite long rod suspension insulators. Watanabe [13] investigated
non-composite insulators under the dry condition only.

Despite the consistent deployment of DC outdoor insulation
in industrial environments characterized by acid conductive
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precipitation [9], such as eastern North America, Europe and
eastern China [14], the dependence of flashover on rain con-
ductivity has not been adequately studied under SI, and SI su-
perimposed on direct voltage. This paper investigates this aspect
through the measurement of flashover performance of composite
insulators when rain is applied at different conductivities. For
comparison purposes, the dry condition has been investigated
too.

This voltage superimposition may cause an arc alongside the
insulator, which should be avoided by the DC insulation coor-
dination [8]. The flashover may occur in the case of substation
vertical post insulators, overhead line horizontal tension, post,
and cross-arm insulators. It may also occur alongside suspension
line insulators if they are sufficiently short.

It is worth noting that Liao et al. [15] show results re-
garding the SI superimposition on DC voltage, but the au-
thors consider the electric arc to occur across a uniform air
medium (clear, open-air), not alongside the insulator. This as-
sumption is valid for traditional high voltage towers equipped
with suspension insulation. However, as stated in the exam-
ples above, there are cases where this hypothesis is not valid
anymore.

III. EXPERIMENTAL SETUP

The laboratory layout, components and test specifications are
described in this section. Two laboratory test arrangements were
used in this program, depending on the presence of the DC
power supply. For both arrangements, the rain tank and the rain
nozzles have been employed at different water conductivities.
In addition, the dry condition has been investigated.

Fig. 1 shows the vertical and horizontal test configurations of
the test insulators as used in this work. The vertical arrangement
was achieved by hanging the insulator from the metallic structure
with a thick copper strip conductor. The horizontal was achieved
fixing the insulator to the side of the metallic structure. The
shortest distance between the high voltage energized rod and
ground is set to be across the insulator, not across any other
air gap. This is done to reproduce the electrical behavior of
line tension, post and cross-arm insulators, and substation post
insulators. The tested composite insulator is described in Fig. 2
and Table I.

To supply the high voltage waveshapes, the following equip-
ment has been used: a Phenix 120 kV DC Hipot test set and 6
stages of a 12-stage Haefely SGS impulse voltage generator. To
protect the DC source from the switching impulse, a 120 MΩ
water resistor has been used. This resistor is constituted by a
polyvinyl chloride (PVC) tube filled with distilled water. This
allowed the DC source to stay part of the circuit during the
switching impulse. To isolate the voltage divider from the DC
source, a sphere gap was employed, with spheres diameter of
125 mm and separated by a gap of 25 mm.

The various tests carried out in this work are presented in
Tables II and III, which show the requirements set by BS EN
60060-1:2010 Standard [16]. As can be seen in Tables II and

Fig. 1. Vertical and horizontal arrangement of the insulator. (a) Vertical test
configuration. (b) Horizontal test configuration

Fig. 2. Tested insulator. All units are in millimeters.

TABLE I
TEST INSULATOR DIMENSIONS

AD = arcing distance, CD = creepage distance, CF = creepage factor.
aSir = Silicone Rubber, EPDM = Ethylene Propylene Diene Monomer.

III, the interval ranges and values applied in our tests are more
demanding than required, whenever possible.
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TABLE II
SWITCHING IMPULSE TEST PARAMETERS

tp = peak time, th = time to half.

TABLE III
RAIN TEST DATA

For both configurations, the rain orientation was kept constant in front of the grounded
metallic structure, at about 45° with respect to the floor.

IV. METHODOLOGY

A. The Rain Conductivity

As shown in Table III, a conductivity of 96.2 μS/cm has been
applied as requested by the standard [16]. However, many con-
ductivities have been used to study the insulation performance in
conductive rain conditions. One of the main molecules present
in acid rain is sulfur dioxide [17]. However, using it to vary
the test rain conductivity would affect the reliability of results,
because it would evaporate during the test [18]. Therefore, to
reproduce different conductivities, the following technique has
been used. Different combinations of distilled water, aquifer
water, and NaCl have been employed.

The first conductivity has been obtained by using distilled
water only; the second has been obtained by mixing distilled and
tap water; the third is the laboratory aquifer water conductivity;
and the fourth is the aquifer water conductivity when NaCl is
dissolved in it. The quantities of the components have been
adjusted in a way to obtain a uniform set of conductivities that
would evenly describe the relationship between the flashover
voltage and the conductivity of the wetting solution.

The choice of the conductivity interval has been inspired
by a previous study [19], which investigated the AC flashover
performance reduction due to an increase in rain conductivity.
The study [19] had shown that, with respect to 71 μS/cm
(14 kΩ·cm), a significant decrease in flashover performance
would appear when the solution conductivity is greater than
100 μS/cm (below 10 kΩ·cm) and would be drastically reduced
by 50% at 500 μS/cm (2 kΩ·cm).

B. Selection of Direct Voltage Magnitude

The direct voltage magnitude has been selected for the insula-
tor under the hypothesis of high NSDD and ESDD on the field,
both of 0.6 mg/cm2. From a previous paper [20], it is possible
to derive (1) for the direct voltage calculation. The calculated

direct voltage is a function of the insulator material, geometry,
and hypothetic installation environment:

U = CD

B·CD·Ca·
[
ESDDdc·KC·

(
NSDDdc

0.1

) 0.106
α ·KCUR·KD·KS

]α

= 16 (kV)

(1)

To calculate the direct voltage value, the calculation of the
average diameter of the insulator [21] is needed and gives in this
case 60.725 mm. For brevity, the explanation of all remaining
parameters is not included and can be found in [20].

C. Flashover Voltage Measurement

The applied direct voltage and current were measured at the
source, by the Phenix supply. To measure the voltage impulse,
the Haefely damped capacitive impulse divider has been used. To
measure both DC and switching impulse components, a mixed
divider would be the best option. However, the damped capac-
itive impulse divider has proven to be sufficient to accurately
measure the impulse transient, which was causing the flashovers.
A detailed explanation is provided here.

Immediately before the impulse trigger, the voltage across the
test object is equal to the direct voltage applied by the DC source
minus a small voltage drop (3% of 16 kV) along the portion
of the circuit that connects the DC source to the insulator. At
this instant, the voltage divider measures 0V. After the trigger,
the sphere gap charges up to −70 kV in about 38 μs and it
breaks down at that voltage. Following the instant of sphere gap
breakdown, the divider measures precisely the voltage across
the insulator. Therefore, the voltage peak of a withstand case
and the flashover voltage measured by the divider did not need
to be summed with the DC component value.

To verify that the peak of the voltage superimposition lies in an
expected interval, a gap can be used at the specimen location, and
multiple tests are done. As the voltage superimposition remains
the same for each test, the initially large gap distance is reduced.
The interval in which the voltage peak lies is determined by
two subsequent tests of opposite result, namely withstand and
breakdown.

D. U50 and σtf% Calculation

According to [16], to calculate U50, which is the prospective
voltage value which has a 50% probability of producing a dis-
ruptive discharge on the test object, the up and down method has
been followed for each case. All flashover or withstand voltages
have been corrected according to the ambient pressure, humidity,
and temperature. The U50 value has then been computed as
shown in (2):

U50 =

∑n
i=1 Ui

n
(2)

where Ui is the flashover voltage or withstand peak voltage of
each impulse and n is the number of impulses per case. In this
work, n was 20 for every case.

The percent time to flashover standard deviation σtf% has
also been calculated, with respect to the switching impulse peak
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