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Investigation of the Effect of Impulse Voltage to
Flashover by Using Water Jet
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Abstract—The main function of the insulators used in high
voltage (HV) transmission lines is to insulate the energized conductor
from the pole and hence from the ground. However, when the
insulators fail to perform this insulation function due to various
effects, failures occur. The deterioration of the insulation results
either from breakdown or surface flashover. The surface flashover is
caused by the layer of pollution that forms conductivity on the
surface of the insulator, such as salt, carbonaceous compounds, rain,
moisture, fog, dew, industrial pollution and desert dust. The source of
the majority of failures and interruptions in HV lines is surface
flashover. This threatens the continuity of supply and causes
significant economic losses. Pollution flashover in HV insulators is
still a serious problem that has not been fully resolved. In this study,
a water jet test system has been established in order to investigate the
behavior of insulators under dirty conditions and to determine their
flashover performance. Flashover behavior of the insulators is
examined by applying impulse voltages in the test system. This study
aims to investigate the insulator behaviour under high impulse
voltages. For this purpose, a water jet test system was installed and
experimental results were obtained over a real system and analyzed.
By using the water jet test system instead of the actual insulator, the
damage to the insulator as a result of the flashover that would occur
under impulse voltage was prevented. The results of the test system
performed an important role in determining the insulator behavior
and provided predictability.

Keywords—Insulator, pollution flashover, high impulse voltage,
water jet model.

I. INTRODUCTION

HERE are natural and unnatural effects in the insulators

that affect the flashover. While environmental pollution,
climatic conditions and lightning are the natural factors among
these effects; industrial pollution, operating conditions and
situations such as corona are unnatural factors. Pollution has
been proven to have an effect to reduce the performance of the
insulator and cause occasional breakdowns by increasing the
conductivity on the insulator surface [1]-[4]. When the
insulators are dry, a capacitive leakage current is passed
through them in very small values and the voltage distribution
can be simply defined by the electrostatic field. Leakage
currents begin to flow through the polluted surface, which
becomes conductive as a result of the pollution layer getting
wet by factors such as rain, fog, dew, moisture etc. These
leakage currents cause energy loss on the surface. In
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particular, the polluted areas in the narrower areas of the
insulator dry out by heating up more forming the parts called
"dry band". As a result, the voltage distribution that was
primarily homogeneous across the surface deteriorates. Pre-
discharges occur when the voltage drop in dry band zones
exceeds the puncture resistance of air. Pre-discharges often go
out; but in some circumstances, a flashover occurs as a result
of the short circuit occurring across the surface. The arc with
high current value that occurred as a result of the flashover
may cause damage to the insulators, power failure in the
energy transmission lines, and even breaking of the power
transmission line by melting.

The mathematical modelling of the pollution flashover in
insulators started with Obenaus [5] and was developed by
other researchers under static and dynamic AC/DC voltages
under various conditions. In Fig. 1, it initially had a
homogeneous layer of pollution, and then an ideal model of
the arc on a flat surface where dry band formation took place.
Many researchers used this model with different approaches
and achieved the same results [6]-[15]. The assumptions are as
follows:

1- Arc length equals dry band length (L ).

2-  Pollution resistance R is a function of the part where only
the arc in the surface layer does not occur. That is, R =
R(La) and (8R/8La) <0.

3-  Assuming that the study was carried out in a very short
time period, the heating of the layer and the humidity
change were neglected.

4- The effect of irregular current density distribution on the
arc ends was neglected.

The applied voltage is divided between the layer and the arc
according to V. = V + V. Since V, =4-1™" is defined

experimentally,

V=I-R(L)+A-I"" 0))
happens. Here, the A and n values are the arc constants which
vary depending on the ambient conditions where the arc
occurs.

R(L,)=Rc(L~L,) @
is given as. If this relation is replaced in (1),

V=I-R.(L-L)+A-1" 3)

is obtained. RC= p/b, with the resistivity of the surface layer p
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and the width of the pollution layer b.
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Fig. 1 Ideal arc model

The function given by (3) is shown graphically in Fig. 2. In
the figure, Va is the voltage falling on the arc at La length; \A

is the voltage falling on the layer at (L-La) length; Vmis the
required minimum voltage for the continuity of the arc at L

length and V is the flashover voltage.
If the applied voltage falls below the V value, the arc goes

out. The Im current, which realizes such a condition for this

minimum voltage, can be found by deriving the derivative V
according to I and equalizing to zero.

av
L )
dl
1
n- 1+n
[ = AL )
R.(L-L)
When we write this Imvalue in (3),
L RC(L—La) Len
V., =(+n)(4-L )| ——= 6)
n

is obtained [16].

II. HIGH IMPULSE VOLTAGES

A high impulse voltage is a short-term and single-pole DC
HV type. There are four basic sizes that define an impulse
voltage. These are: T front time, T, half time value, 12 peak
voltage value and voltage pole. In addition, the change of
voltage over time, namely, the wave form is also important.
The type of an impulse voltage shown in Fig. 3 is determined
by the peak value, front time, tail (half time value) [17].

A standard type impulse voltage quickly rises to a ¥ peak
value without a non-standard oscillation and then lowers to
zero more slowly. If an intentional or unintentional breakdown

occurs in the high-voltage circuit during the impulse voltage, a
sudden drop occurs in the front, peak or tail of the impulse
voltage. This type of voltage is called a chopped impulse
voltage [18].

Fig. 2 Voltage curves of the ideal model

Peak

Tail

Front Vv

Fig. 3 High impulse voltage waveform

A. High Impulse Voltage Types

There are three types of high impulse voltage types that
often cause breakdowns in electrical transmission and
distribution systems. These are lightning impulse, switching
impulse and chopped impulse voltages.

1. Lightning Impulse Voltages

It is a high impulse voltage type in which the overvoltage
caused by lightning in nature is in the range of 1 ps. The
amplitudes of the impulses are approximately 1000 kV and
above. In addition, each lightning impulse causes moving
impulse currents to be generated in the transmission line at a
maximum insulation resistance level and about 100 kA values.
The upright rising edge and the perpendicular edge of the
moving waves generate overvoltage on the insulations of
power transformers and other high-voltage devices and causes
flashovers by sudden breakdown of the insulation at very HV
levels. Multiplying the time between 30% and 90% of the
peak value of the impulse voltage by 1.67 gives the T, front
time. The time between the starting point of the impulse
voltage and the point where it drops to the 50% of the peak
value gives the T, half value time [18].

2. Switching Impulse Voltages

It is a high impulse voltage type which occurs in the on-off
events of electromechanical devices and where the front time
of the internal overvoltage is in the range of 200 us. The
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amplitude of such pulses is always related to the application
voltage, and the form of the impulse depends on the
impedance of the system and switching condition. The voltage
rise is slower compared to the lightning impulse voltage type.
However, as opposed to the common belief, this waveform
can be much more dangerous for insulation systems.
Multiplying the time between 30% and 90% of the peak value
of the impulse voltage by 1.67 can determine the peak value
time of T,. The time between the starting point of the impulse
voltage and the point where the peak value drops to 50% is
accepted as the T, half value time [18]-[20].

3. Chopped Impulse Voltages
VA
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Fig. 4 Lightning impulse voltage waveform (LI) (a) Full LI (b) LI
Chopped on the tail (c) LI Chopped on the front; T;: Front time, T,:
Time to Half value, T.: Time to Chopping, O;: Virtual origin

The high impulse voltages, which are caused by the
standard lightning impulse mark falling to zero at the front or

the tail of the mark before it can complete itself, is called a
chopped impulse voltage (Fig. 4).

In practice, impulse HVs are created with the use of
generators for artificial production of similar lightning
voltages (lightning impulse), which are formed in the nature
and can be explained as a load discharge, and the impulses
(switching impulses) generated during switching and short-
circuit in a grid in laboratory conditions [21]-[23]. With these
generators, the behaviour of HV elements and circuits under
high impulse voltage is examined and verified according to
national and/or international standards [24], [25].

B. Production of High Impulse Voltages

High impulse voltages are usually achieved by charging the
parallel connected capacitors with a special circuit (Marx
Generator) from a direct voltage source, and then connecting
the same capacitors in series and discharging them into a
circuit connected to the test object [24], [26]-[30].

1. Single-Stage Impulse Generators

Fig. 5 shows the circuit of two types of single-stage impulse
generators. C; value shows the amplitude of the impulse
voltage that is pre-charged in the initial state. R;, R,
resistances and C, capacitor are the circuit elements that
perform a very active role in determining the lightning
waveform. R, resistance damps the circuit and controls the
front time T,. R, resistance discharges the capacitors in the
circuit and controls the half value time T,. In a standard
circuit, C, capacitor acts as a load and varies according to the
capacity value of the connected test object.

OGQ e

L

O ()

R
L

—Gvy

Fig. 5 Single-stage impulse voltage generator equivalent circuit

2. Multistage Impulse Generators

The structure shown in Fig. 6, known as the Marx
generator, is used when very HVs are required (Fig. 6). In
principle, it consists of single-stage impulse generators
connected one after the other. The only difference is the use of
R resistances which load the capacitors between the stages.
Loaded capacitors are discharged into C, in series over R;
resistances with an ignition unit. This operation is realized
during T,. The discharge of the voltage over R, and R,
resistances is realized during T, [31], [32].
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V(o)

Fig. 6 Multistage impulse voltage generator equivalent circuit

III. WATER JET TEST SET

Various model structures have been used to better
understand the physical mechanism of flashover event in HV
insulators. The main purpose of these models was to represent
the discharged serial pollution zone with a controllable layer
whose resistance change is known as much as possible. For
this purpose, models coated with various artificial chemical
pollutions as well as stagnant and flowing water surfaces were
used. The main advantage of using water is that its
conductivity can be easily controlled and it can cover the
isolated surface homogeneously. Like the other artificial
pollutions, the resistance of the water layer undergoes changes
under voltage.

The physical model used for flashover tests along the water
surface consists mostly of a water channel that has a
rectangular cross-section opened to an isolated surface, a low
voltage electrode embedded in the water, and a HV electrode
is between having a small air gap and the water surface. When
sufficient voltage is applied to the HV electrode, the arc may
ignite in the air gap. If the voltage applied after the ignition of
the arc is gradually increased, it is seen that the arc suddenly
spreads and flashes over along the water jet provided that the
current and voltage exceed certain values for a given water jet.
The steady state before flashover is defined as "critical
condition” and the voltage and current values measured under
this condition are defined as "flashover voltage" or "flashover
current".

The test system, which is used to measure the flashover
characteristics caused by the effect of impulse voltage on the
water jets at different lengths and conductivity, is given in Fig.
7, and the basic principle scheme is shown in Fig. 8. While
measuring the various flashover characteristics, a water jet is
prepared with a constant flow and specific conductivity. A salt
solution can be mixed into the water in order to change the
specific conductivity. Before starting the test, water is
circulated through a pump until a good mixture is obtained.
The conductivity and water level are continuously controlled
during the test to ensure their stability. The water used during
the test is collected in a separate water tank.

Test system consists of two main parts as follows:

a. Electrical circuit

b. Water jet mechanism

Fig. 7 200 kV lightning impulse voltage generator and water jet test
system

The HV is applied to the water jet circuit using a remote-
controlled relay. A two-stage structure is used for the
generation of the high impulse voltage. During the tests, the
tank level must be kept constant so that speed distribution
along the water jet and flow rate does not change. The steel
bar with a sharpened tip is used as a high-voltage electrode.
For easy and quick adjustment of the jet length, the HV
electrode is fixed on a moving isolated system while the
grounded jet outlet pipe forming the low voltage electrode is
fixed. The jet length is measured by a moving indicator
connected to the HV electrode and a fixed ruler mechanism.
With this mechanism, the maximum error in jet length
measurements is less than 1 mm.

Voltage measurement is carried out with a capacitive
voltage divider. In impulse voltages, waveforms of current and
voltage are obtained with the help of an oscilloscope.

IV. TEST RESULTS

While measuring the various flashover characteristics, first
a water jet is prepared whose flow and specific conductivity
stays constant. The specific conductivity value can be easily
changed by mixing a salt solution into the water. Before
starting the test, water was circulated until a good mixture was
obtained using a pump and until a constant conductivity was
obtained in the conductivity meter. dy was obtained by
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measuring the diameter of the water jet on the test system.
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Fig. 8 Basic principle scheme of water jet test system

After jet length (L), flow (y) and first unit resistance (r,) are
set to certain values, the voltage is increased until an arc is
formed in a small air gap (h) between the water jet and HV
electrode. h air gar represents the dry band forming on the
insulator surfaces. If the voltage applied after the ignition of
the arc is gradually increased, it is seen that the arc suddenly
spreads and flashes over along the water jet provided that the
current and voltage exceed certain values for a given water jet.

The sample calculation of ry value is as follows:

For 64=623 ps/cm conductivity value:

d,Y _ (4Y ) 2 (7
S, =7 Y = 5 =12,56mm" =0,1256¢cm

1 1
7, =

o = ~ =12779,74=12,78kQ / cm (8)
6,8, 0,623-107-0,1256

is found. During the tests, the flow of the water jet is kept
constant at y = 12.5 cm®/s. This flow rate was chosen to
provide a smooth flow through the water column. In the same
way, the air gap was kept constant during the tests at h = 2
mm. During the tests, the temperature of the water jet is
around 20 °C. (A maximum 1 °C increase was detected due to
the post-voltage heating effect applied during the test.)

The data obtained at the time of the flashover during the
tests performed according to the pollution values obtained by
changing the salt concentration are shown in Table I.

TABLEI
WATER JET FLASHOVER VOLTAGE VALUES WITH DIFFERENT JET LENGTHS
AND DIFFERENT INITIAL UNIT RESISTANCE VALUES (KV)

L (cm) 2 3 4 5 6
r=621kQ/em 21,1 257 295 32,1 398
r=10,56kQ/em 21,6 27,5 33 38,7 462
ro=12,78kQ/em 24 299 34,1 394 475

Fig. 9 shows the flashover voltages obtained as a result of
the tests conducted by changing the L value between 2-6 cm at
three different conductivity values and at each conductivity
value. As it is seen, the jumping voltage values increase as the
length of the water jet increases. Moreover, the decrease in the
initial unit resistance value, i.e. the increase in conductivity,
reduced the flashover voltages.

The actual voltage value measured from the oscilloscope
was found after the conversion process was carried out with
the calibration rate of the designed water jet test system. Also
for the current value, the conversion rate of the HV probe
applied during the tests was used. Then the waveform data of
the voltage and current taken were drawn with the help of
MATLAB package program. The time axis of the oscilloscope
was subjected to triggering in order to see the changes in
waveforms more clearly. For this reason, the time axis in the
graphics obtained does not start from zero point. For the same
jet length and the same initial unit resistance value, the effect
of voltage amplitude value on the flashover situation is shown
in Figs. 10-12. As it can be seen, the magnitude of the impulse
voltage is directly effective on the system. With the increase in
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the voltage value, the partial discharges increase and
eventually the flashover event occurs.

Variation of flashover voltage according to initial unit resistance (r0) values
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Fig. 9 Variation of flashover voltage at different initial unit resistance values
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Fig. 11 Variation of voltage and current before flashover
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for r0=12,78 k() and L=3 cm
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Fig. 12 Variation of voltage and current at the time of the flashover

V. CONCLUSIONS

The water jet test system designed to predict the pollution
flashover behaviour in the insulators yielded very good results.
In this way, the flashover mechanism on insulators with
various pollution rates was carried out by test studies. As a
result of replacing the conductivity of the water with salt
solution, flashover characteristics with various pollution
values were obtained. In these characteristics, it was seen that
the flashover voltage increased in line with the initial unit
resistance value. Similarly, the increase in the length of the
water jet also increased the flashover voltage. Since the water
jet length represents the leakage current path on the insulator
in real life, the longer jet length indicates the presence of
several interconnected insulators. Although increasing the size
of the jet may seem like a good option in increasing the
flashover voltage, since this approach will mean increasing the
number of insulators, it will not only increase the cost, but also
increase the load on the pole and transmission line.

Unlike the AC/DC HV, working with impulse voltages has
played an important role in examining the resistance of the
insulation material at higher voltage values on the system,
even if it is for a very short period of time. Since the impulse
voltage was given to the system suddenly (without any
increase in voltage level), the behavior of the system was also
very fast. This situation caused the partial discharges obtained
in the graphics not to be visible. As a result of the impulse
voltage applied during the test, either the flashover event
occurred or there was no flashover.
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