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Summary

The majority of insulation systems is exposed to outdoor con-
ditions such as pollution, rain, snow, ice or fog and their combi-
nation as well. These external influences can significantly reduce
the electrical strength and consequently cause the outage of elec-
tricity supply. The research activities in the field of experimental
investigation of insulator flashover performance under such ad-
verse conditions are very costly. Usually, the large climatic rooms
are needed to simulate such conditions. The using of mathemat-
ical simulation models for flashover voltage predictions seems to
be a good idea how to reduce costs. On the other hand, the simu-
lation models requires deep knowledge of both physical processes
of streamers and leader propagation and dynamic calculation of
electric field distribution. The proposal of dynamic mathematical
model and its experimental validation for a suspension insulator
string, which is exposed to the transient overvoltage, is the main
objectives of this lecture.



Souhrn

Vétsi ¢dst izolacnich systému je vystavena pusobeni venkovnich
podminek jako je znecisténi, dést, snih, led nebo mlha a také
jejich kombinaci. Tyto externi vlivy mohou vyrazné redukovat
elektrickou pevnost a nasledné zaprticinit vypadek dodavky elek-
trické energie. Vyzkumné aktivity zalozené na experimentalnim
vySetfovani elektrické pevnosti, za takto nepfiznivych podminek,
jsou casto velmi nékladné, protoze obvykle probihaji v klima-
tickych komorach. Vyuziti matematickych simula¢nich modela pro
predikci preskokovych napéti je tak vhodny zpusob, jak snizit cel-
kové ndklady. Na druhou stranu, pouziti simula¢nich modelu vy-
zaduje hlubokou znalost jak fyzikalnich procesu sifeni striméru a
lidru, tak dynamického vypoctu rozlozeni elektrického pole. Navrh
dynamického matematického modelu a jeho experimentalni ovéteni
pro zavésny izoldtorovy retézec, ktery je vystaven pusobeni pie-
chodného prepéti, je hlavnim cilem této prednasky.
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1 Introduction

The high voltage tests and measuring techniques belong among
traditional parts of electric power system. The gradually grow-
ing demand for electrical energy causes increasing of transmission
voltages. In recent decades, the rapidly increasing of transmis-
sion voltages can be observed as a consequence of the develop-
ment of large electric power stations far from centers of industrial
production. At the same time, as the present cost of power elec-
tronic elements is reduced, the application of high-voltage direct
current transmission, flexible ac transmission systems or static
synchronous compensators is incre asing. It has been found that
some high voltage equipments causes very fast front transients
that may damage the insulation system. The majority of insula-
tion systems are exposed to the influence of weather conditions as
pollution, rain, snow, ice or fog. Weather conditions may change
rapidly and unpredictably. Moreover, the speed of these changes
is still increasing. The sudden appearance of ice and snow is also
observed in areas that are not in traditionally cold regions. It has
been proved that the presence of ice on insulators may lead to the
insulator flashover and consequent power outage. The influence
of atmospheric icing on insulator flashover performance is usu-
ally studied experimentally in large climatic rooms. These tests
are very costly and time-consuming. So the simulation models
for preliminary prediction of flashover voltages are needed. The
proposed dynamic simulation model allows to calculate flashover
voltages for different shapes of impulse voltages and to take into
consideration an influence of pollution and icing conditions.

2 Streamer - Leader formation and prop-
agation

The physical and experimental background of streamer-leader
propagation for a long air gap was intensively studied by many
investigators in the eighties and nineties of the last century [1-6].
It was found that the discharge development consists of several
phases, which are described in the Fig.1.

At the beginning, when the applied voltage is increasing, the
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Figure 1: Streamer - leader process for long gap configuration [7]

discharge process is initiated by the formation of the first corona
which is usually described as a luminous branched filaments -
streamers. The criterion for streamer development is given by the
critical gain 10® of ions at the head of an avalanche. The condition
for streamer inception and propagation can be formulated as:
" (« dx

et S Ny, (1)
where x4 is the length of streamer, « is the ionization coefficient,
7 is ion attachment coefficient, and Ng4p is @ minimum of charge
at which the streamer is stable. The distribution of the ion charge
along the streamer path, as a result of the simulation model, is
shown in Fig. 2. It can be seen, that the number of ions is in-
creasing in the high field region up to the maximum and then
decreasing until the streamer propagation stops. The maximum
is reached at applied field approximately 6.8 kV /cm.

Bondiou and Gallimberti introduced in [8] a model for the
calculation of the number of positive ions in the streamer head as:

2eR + 1 4a 15}

Vi N
Ay e Ry i

N(z) = V(z)), (2)

where R is the radius of streamer head, Vj is the potential in
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Figure 2: Distribution of the number of positive ions and applied
field along the streamer (150 cm gap, 123 kV inception voltage) [1]

x = 0, Ny is the number of positive ions in z = 0, V(z) is the
potential distribution along x-direction and a = (i';rf; . Coeflicients
w and B represents loss and gain of energy, e is elementary charge
and €g is vaccum permitivity.

The streamer stability condition is then expressed as:

_ B
2R+ ®)

As can be seen from equation (3) the stability condition of
streamer propagation depends on the coefficients 5 and p and the
streamer head radius R. The authors determined the stability field
values for both polarities Es; ~ 500 kV/m and Es =~ 750 kV/m
which is consistent with the experimental observations. These
values can be used for simplified calculations of the streamer ex-
tension. The streamer length is directly given by the geometrical
arrangement, if the constant stability field along the streamer ex-
tension is assumed. The total streamer space charge is calculated
using equation:

Ts

AQ =47Tk‘eo/u(t1,x) u(ta, x)dz, (4)
0

where k is a geometric factor and u(t1,x) wu(te, ) expresses the



potential change in the streamer region. The streamer is trans-
formed to the leader channel when the total space charge in the
streamer region reaches the value of approximately 1 4C [9] . The
simplified model for k factor calculation can be found in the ap-
pendix of [7]. The N parallel streamer filaments with the length
[ are assumed in this model. The distance of filaments from the
central filament is assigned as a; and the same charge distribution
along a streamer filaments is supposed. Then the k factor can be
expressed as:

= . — o)
(ML) 4 T (R

For the short distances, streamer can directly bridge the gap
between electrodes and after that the flashover occurs. In case of
longer gaps the leader propagation phenomena will starts.

The new structure called leader is created after the streamer
channel is established. This transition is accompanied by a tem-
perature increasing from approximately 300 K to 1000-1200 K.
This energy gain leads to the many effects which drastically in-
crease the conductivity of the stem and the electric field at its tip.
The higher electric field generates the second streamer corona and
the leader advancement process. The leader channel is formed as
a thin luminous channel, connecting the corona zone to the high
voltage electrode. The leader channel diameter (0.5 - 1 mm for
1.5 m gap) depends on the total charge flowed through the leader.
The injected current induces the Joule heating of the gas in front
of the leader’s head and the conductivity increases. The leader’s
head is moving towards the opposite electrode when the axial ve-
locity has a random fluctuation. The effective value of velocity v;
is proportional to the current I;

I
v = — 6
o (6)
when the constant g; represents the charge needed for a unit length
leader advancement. The required charge depends on many fac-

tors. The measured and theoretically calculated dependency of ¢



on absolute humidity for different impulse durations is shown in
Fig. 3.

Figure 3: Calculated and experimentally measured values of
charge per unit length as absolute humidity dependance for dif-
ferent impulse front times ) [10]

As can be seen the ¢; achieves the values from 20 us/cm to
50 ps/cm within the relative humidity 30-70 % at normal pressure
and temperature. The more detailed theoretical derivations and
formulas were published in [10].

Described processes expand the channel and modify the inter-
nal electric field. As the leader approaches the final jump, the
electric field distortion due to the leader space charge starts to
play a decisive role. The different equations and numerical mod-
els have been introduced to simulate the leader channel inception
voltage and advancement. Mathematical models based on the
physical description have been mainly validated by experimen-
tal measurements of Les Renardieres’ Group. A model presented
by Rizk [11-13] is often used for engineering simulations as more
practical and representative. This model provides expression of
continuous leader inception voltage and breakdown voltage for dif-
ferent rod-plane gaps. The Rizk’s expression for continuous leader
inception voltage has a form of:
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(7)
where V., and A are constants respecting different values for rod-
type and conductor-type gaps and R is a function of electrode con-
figuration and the gap distance d. Besides the continuous leader
inception voltage V. the leader voltage drop AV; has to be ex-
pressed. The Rizk’s formula for leader voltage drop is based on
the assumption that the leader conductance per unit length G is
given by Hochrainer’s dynamic equation, which for the constant
current leader propagation has a form:

G(t) = Goo + (Gi — Goo)e T, (8)

where t is the lifetime of the leader section, G; and G, are the
initial and ultimate values and @ is a time constant.

Assuming the constant speed of leader propagation and the
leader gradient Ej is related to the conductance per unit length
G and the leader current I; by

£ == 9)

the proposed final formula for the leader voltage drop can be writ-
ten as:

Ei Ez — Eoo —lz
AV, =1,Fy + x9E In (Eoo o e o ), (10)
where F; and F, are the initial and ultimate leader gradient, [,
is the axial leader length and xo = v;6.

The final stage of the leader propagation - final jump - oc-
curs when the streamer zone reach the opposite electrode. As
the streamer zone becomes shorter, its average field increases.
It leads to the higher leader velocity as high as 10° em/s at
E ~ 20 kV/em [14].
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3 Dynamic numerical model of discharge
propagation on insulator string

The proposed numerical model is based on the physical streamer-
leader process in long air gaps presented by many authors in var-
ious modifications. A complete mathematical description of this
physical process is very difficult and some parts even still remain
unclear. This is the reason why researchers usually work with sim-
plified mathematical equations to find optimal model regarding
purposes of simulations. Generally, the more often used streamer-
leader models are coupled with a calculation of the electric field
distribution and streamer-leader propagation. The electric field
distribution can be in some cases (e.g. rod-plate gaps) expressed
by analytical formulas, however nowadays the numerical FEM
calculations are more frequent. The streamer-leader initiation
and propagation model is usually partly based on experimentally
determined characteristics and parameters. The physical back-
ground of the stremer-leader flashover process with assumptions
and constrains for mathematical simulations was described in the
previous chapter. The following describes the simulation model for
the prediction of flashover voltage of suspension insulator string
during the impulse high voltage testing under the pollution and ice
condition. The proposed model was built up for the purposes of
experimental results validation and also as a tool for the flashover
voltage prediction.

3.1 Simulation process proposal

A flow chart of the proposed simulation process of the dis-
charge propagation along an insulator string is shown in Fig.4.

The discharge process is started with the formation of the first
corona. When the streamer is initiated, it starts propagating along
the insulator with length L. The streamer has a form of many
branches within a conical volume. The filamentary branched chan-
nels - streamers, are developed from a common root called stem.
The corona zone extends to the coordinate zs on the discharge
axis. It is assumed, that the corona zone is characterized by con-
stant electric field E; = 450kV/m. The total accumulated charge

11
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in the corona zone is a function of the area between the potential
distributions before and after the steamer formation, see Fig. 5.

Potential distribution after the

/ streamer formation
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Figure 5: Potential distribution before and after the streamer for-
mation

It is assumed, that the stable propagating leader is initiated
when the critical total charge increment AQ. = 1 uC' is reached.
The total charge increment is calculated according to equation
(4). The leader extension Azy, is then calculated from the leader
velocity, see equation (6). The constant ¢; is assumed as the aver-
age value 45 pC'/m and the charge of the streamer zone in front
of the leader’s head AQ is calculated from equation (4). The
streamer-leader system step by step propagates along the insula-
tor and in the moment when it across the whole distance L the
flashover occurs. If the charge increment during the propagation
process is less than zero, the whole process is stopped with the
result that no flashover occurs.

3.2 Electric field calculation

The electric field distribution has a crucial role in the discharge
propagation process. The electric field distribution is rapidly
changing in time when the impulse voltage is applied. Analyt-
ical solutions are possible only for simple electrode cases and the
more precise numerical calculations like FEM have to be involved.
However, FEM requires the exact geometrical description of insu-
lator arrangement and a large amount of computation time. On
the other hand, the proposed simulation model needs relatively
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fast recalculation of the electric field during the simulation pro-
cess. The simple and enough accurate solution could be the rep-
resentation of the insulation string as an equivalent circuit with
distributed parameters. Parameters of passive elements are ad-
justed to approximate the voltage distribution V(z) determined
from FEM calculation at the time, when the impulse reach the
maximum. Then, the voltage distribution function V (¢, ) can be
derived from the equivalent circuit equations.

The equivalent circuit of insulator string is shown in Fig. 6.

I} N

dx

Figure 6: Equivalent circuit of insulator string

The circuit consists of resistor R (£2/m), insulator to ground
capacity Coy (F/m), insulator to wire capacity C, (F/m) and ca-
pacity of insulator K (F'm). In fact, these parameters are not
constant with x coordinate and the linear or exponential func-
tion can be used to express this dependency. In some cases, the
constant values are assumed to simplify calculations. From the
voltage and current relations in an element dx and after some
mathematical modifications the final partial differential equation
has a form of:

*v(t,z) 1 do(t,x) Cpd*(v(t,z)—Vi(t) Cod*v(t,z)
O0x20t2 " RK 0x20t K 02t K 0%t (1_1)
where v(t, z) is the instantaneous voltage at time ¢t and distance
x from the high voltage electrode and Vg(t) instantaneous volt-
age of the source. The impulse voltage Vg (t) can be described
by double exponential model. The equation (12) can be solved
by numerical methods only. Assuming the continuous time and
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discrete distance x we can make a decomposition into the system
of differential equations of first order. Each n-th element is then
described by a pair of equations:

K (d(vnl(t) —wn(t)  d(va(t) — vnH(t))) i) — i (1)
dt dt n n+1
ey d(Vs(t)d; v®) o dv;t(t) o,

Un_1(t) — vn(t) — Rin(t) = 0. (12)

Thus, for n elements we get 2n equations with the same num-
ber of unknown currents and voltages. The resulted voltages and
currents in each node are functions of time. The parameters R,
K, Cp, and Cy are given by geometrical configuration, insulation
material and also by pollution or ice layer on insulator surface.
The electrostatic field distribution of suspension glass insulator
can be calculated in FEM software to get voltage distribution and
approximations of equivalent circuit parameters. The rotationally
symmetrical geometry of insulator is supposed, thus the 2D model
can be built up. Respecting experimental measurement condition,
the high potential is placed on the top of the insulator string, and
the ground is connected to the shielding ring placed on the end
of insulator string. The voltage distribution is then in opposite
direction compare to the case of a real insulator on a tower of
overhead line. The rest of the metallic parts has a floating poten-
tial. The polluted ice layer can be simulated as a parallel layer
copying the insulator surface with given specific conductivity. As
can be seen from experimental measurements in the cold room
the ice layer and icicles morphology on insulator string may be
varied. However, for the higher thicknesses of ice (more than 1.5
cm) the particular insulators are almost fully bridged by icicles.
The main assumption, for the FEM geometry of insulator string
covered by an ice layer, is that the ice layer bridges all insulator
caps by a consistent layer of ice with appropriate thickness. The
relative permittivity of the ice layer under switching impulse can
be considered equal to the steady state permittivity 76. For the
lightning impulse, the relative permittivity decreases to the value

15



between 3 and 4 [15]. The example of determined electric field
distribution of insulator string for dry condition is shown in Fig.
7 and for the polluted ice layer of 3 cm thickness in Fig. 8.

Figure 7: Electric field of suspension insulator string (applied volt-
age 500 kV)

The voltage distribution along the length of the insulator string
for maximal voltage is shown in Fig. 9 and Fig. 10. Cutting lines
are in the center of insulator, in the half of insulator radius and
the insulator radius.

As can be seen from presented figures, the potential distribu-
tion along the insulator string is close to the linear distribution.
The reason is, that there are not present any large grounded parts
or conductor during the high voltage tests, which could increase
the capacity to the ground or capacity to the conductor.

The determined voltage distribution approximation can be
used for the simulation of the flashover process. The Fig. 11
shows voltage distributions which are derived from the Fig. 9 and
Fig. 10 respecting the resistance of polluted ice layer.

The above described mathematical model for the flashover per-
formance prediction of suspension insulator string was realized in
Wolfram Mathematica®. The created mathematical model allows
to calculate the streamer-leader propagation process for different
shapes of impulse voltages of both polarities. This model can take
into consideration an influence of pollution and icing condition.

16
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Figure 8: Electric field of suspension insulator string - 3 cm ice
layer simulation (applied voltage 500 kV)

08

Figure 9: Voltage distribution along the length of the insulator
string in the center (red), in the half radius of the insulator (blue)
and in the maximal radius of the insulator (green)
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Figure 10: Voltage distribution along the length of the insulator
string with 3 cm ice layer in the center (red), in the half radius
of the insulator (blue) and in the maximal radius of the insulator
(green)
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Figure 11: Approximation of voltage distribution along the length
of the insulator string



The simulation model can be verified by experimental measure-
ments under the pollution and icing condition.

4 Experimental verification of numeri-
cal model

4.1 Experimental setup

Experimental measurements were carried out in the setup ac-
cording to Fig. 12. The impulse voltage generator (HighVolt
IP 40/800L) consists of eight stages and the theoretically reach-
able peak voltage is 800 kV at 40 kJ of energy. The impulse gen-
erator is fully controlled by SGB 1 operator device. The output
voltage is measured by damped capacitive impulse voltage divider
when its total capacity together with the capacity of high voltage
bushing and capacity of a test object creates the load capacity of
the impulse generator. The leakage current can be measured by
coaxial shunt Ry with the resistivity of 200 m$) and connected
directly to the ground branch of the circuit. The coaxial shunt
is frequency independent up to 1 MHz. The voltage and current
waveforms are recorded by 8-bit digital scope with maximal sam-
ple rate 1 GSa/s.

e, Climatic Chamber

Impulse Generator Damped capacitive

1P 40/800L voltage Divider
Control and
Imeasurement uni

Figure 12: Test circuit for insulator in climatic chamber
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The tested insulator string was placed in a vertical climatic

room at CIGEL laboratory with dimensions 6 x 6 x 9 m (w x 1
x h). The climatic room is equipped by spraying system which
consists of eight pneumatic nozzles and fans with variable speed
control. The temperature inside the chamber can be controlled
up to the maximal value of 60 °C. The output voltage from the
impulse generator is led into the climatic room through the high
voltage bushing.
The tested suspension glass insulator string consists of six stan-
dard profile insulators of 280 mm in diameter, spacing 147 mm
and creepage distance 380 mm, see Fig. 13. The end of the in-
sulator string was equipped by the grading ring to homogenize
nonuniform electric field.

N\ |

4l

Figure 13: Test circuit for insulator in climatic chamber

4.2 Ice formation and the test procedure

The ice layer covering the insulator surface was created from
supercooled droplets produced by a spraying system with a uni-
form airflow obtained from the system of fans. The water conduc-
tivity of 80 wuS/cm were prepared by addition of sodium chloride
NaCl to the de-ionized water. The water conductivity was kept
constant during all the tests and was verified at the beginning of
each test procedure. The insulator was energized by ac operating
voltage during the ice accumulation phase. The ice quantity was

20



determined by measuring the ice thickness increment on monitor-
ing cylinder placed directly at the place of tested insulator, see
Fig. 14. The increment of ice thickness with time is shown in Fig.
15.
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Figure 15: Time dependency
of ice thickness on monitoring
cylinder

Figure 14: Monitoring
cylinder

The flashover test was performed according to the melting
regime test procedure standardized in [16]. This procedure con-
sists of three consecutive stages. In the first stage, the ice is
created at temperature 12 °C for an appropriate time which is
given for required thickness by the graph in Fig.15. After that,
the 15 min ice hardening period is performed. During this period,
the ac source is reconnected to the impulse generator. Then, the
temperature is increased above 0 °C to start the melting process.
This stage is confirmed visually as the water film was present at
the ice surface. The last stage was the impulse voltage test when
the standard up and down method was used to determine the
flashover voltage V5y and the standard deviation s. The maxi-
mum likelihood method for normal distribution was used to eval-
uate parameters of this voltage test.

The three shapes of impulses were generated to investigate the
flashover performance of insulator covered by an ice layer:
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e Lightning impulse (LI) with front time 1.2 ps and half time
50 ps

e Switching impulse (SW-1) with front time 100 us and half
time 2500 ps

e Switching impulse (SW-2) with front time 250 us and half
time 2500 ps

These impulses represent different frequency content and tran-
sients in electrical power systems. The example of iced insulator
after the ice creation stage is shown in Fig. 16. The path of the
arc during the impulse high voltage test can be traced on Fig. 16.

Figure 16: Tested insulator string after the ice accumulation stage
(left), the arc trajectory (middle) and the detail of the arc trajec-
tory for two bottom insulators (right)

4.3 Experimental results

4.4 Influence of ice thickness on the insulator
flashover voltage

The flashover voltage for impulse voltages and ice layer thick-
ness in the range up to approximately 3 cm are shown in Fig. 17,
Fig. 18 and Fig. 19. Errors bars represents the determined stan-
dard deviation of flashover voltage extended by coefficient k=2
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to reach 98 % probability. This error doesn’t exceed the value of
16 kV for all measured values.

Vso (kV)

® Positive LI

= Negative LI

0 0,5 1 15 2 25 3
Thickness (cm)

Figure 17: Flashover voltage Vi for lightning impulse (1.2/50 us)
of both polarities as ice layer thickness dependency

~~~~~~ o Positive SI-1

400 1 ——cae & = Negative SI-1

Thickness (cm)

Figure 18: Flashover voltage V;y for switching impulse
(100/2500 ps) of both polarities as ice layer thickness dependency

As can be seen from determined flashover voltages for the clean
insulator the values have decreasing tendency with increasing front
duration of the impulse. This effect was described by many tests
in the past for various arrangements [17] and it may be considered
as a proof of results validity.

4.5 Simulation results and verification

As the experimental measurements show, the switching im-
pulses of positive polarity are more critical regarding flashover
performance of suspension insulator under the polluted and ice
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Figure 19: Flashover voltage Vso for switching impulse
(250/2500 ps) of both polarities as ice layer thickness dependency

conditions. Thus, the simulation model was validated for such
conditions and results were compared with determined data from
laboratory experiments. The comparison of flashover voltage V¢
for dry and two thicknesses of ice layer are shown in Fig. 20, com-
parison of voltage - time characteristic for dry insulator on Fig.
21 and the comparison of voltage - time characteristic for ice layer
of 2.92 cm.
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’
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Figure 20: Flashover voltage Vsy for switching impulse
(250/2500 ps) as ice layer thickness dependency - comparison of
calculated and experimental data
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Figure 21: Voltage - time characteristic for switching impulse
(250/2500 ps) fro dry insulator - comparison of calculated and
experimental data
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Figure 22: Voltage - time characteristic for switching impulse
(250/2500 ps) for 2.92 cm ice layer - comparison of calculated
and experimental data

5 Conclusion

Experimental measurements performed on the suspension string
of cap and pin glass insulator in Industrial Research Chair on At-
mospheric Icing of Power Network Equipment (CIGELE), Uni-
versity of Quebec at Chicoutimi show that the presence of ice
layer has significant influence to the flashover performance and

25



volt-time characteristics of suspension insulators when they are
exposed to the transient overvoltage with different front times. In
case of switching impulses, the flashover voltage reduction reached
the value of 25 % for the positive polarity, and 44 % for the neg-
ative polarity. The experimental results were further used for the
validation of mathematical model simulating physical processes
during flashover when various impulse voltages are applied. The
algorithm of the dynamic simulation model was fully described
on the base of physical background of streamer-leader propaga-
tion for a long air gap study. The simulation model allow to
calculate flashover voltages for different shapes of test impulse
voltages and to take into consideration influence of pollution and
icing conditions. The presented comparison with experimental
measurements confirms that the proposed simulation model can
give reasonable accurate values of flashover voltages which are
sufficient for high voltage test engineers.
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