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1. INTRODUCTION

Insulators for overhead power transmission lines are one of the most important elements of high-
voltage lines. The performance of the entire power supply system depends on their state. Ensuring high
reliability of insulation is one of the most important tasks of the power industry. In this regard, the issue of the
reliable assessment of the insulation service life is of particular importance. The problem of diagnosing the
state of insulation is already several decades old but this does not make it less urgent.

Damageability of insulation of high-voltage overhead power transmission lines (OHPL) is about 30 %
of the total number of violations in their work. The main causes of insulation damage are the effect of climatic
impacts, atmospheric and switching overvoltage, aging of insulation, inconsistency with natural and climatic
conditions of operation, etc. [1, 2, 3].

All the currently existing methods of diagnostics of insulation are based on the results of periodic
checks and are divided into two types: contact and non-contact. Some methods can be used directly on power
transmission lines without disconnecting supply voltage, such as: measuring the voltage distribution on a string
of insulators, thermal imaging methods and methods based on registration of ultraviolet radiation. Other
methods can be used only in the laboratory conditions and require disconnection of supply voltage in the line,
which leads to increasing economic losses: measuring insulation resistance, dielectric loss tangent, insulation
capacitance and overvoltage testing [4-7].

Thus, the existing methods solve the problems of the current periodic monitoring of the state of
insulators in order to determine the critical level of the permissible insulation resistance. They are ineffective,
take a long time to troubleshoot and do not allow real-time monitoring of the insulation condition under
operating voltage.
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The analysis of the published materials shows that present day works are mainly dealing with
assessing the current state and predicting the probability of insulation flashover [8-25]. As practice shows, after
the overlap, the insulation continues to function normally. Thus, insulation flashover is not a criterion for
assessing its service life and cannot be used to predict its service life.

The paper proposes possible options of solving this problem on the basis of experimental studies.

2. STATEMENT OF THE PROBLEM

The main parameter characterizing the insulation dielectric strength is the leakage current value. The
insulator can be represented in the form of the equivalent circuit shown in Figure 1. The insulator is
characterized by the following parameters: the value of the insulator material resistance Ry and the values of
surface resistances R, and capacitance C,, which characterize the properties of the surface layer of pollution

[4].
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Rins — insulation resistance; lieax — leakage current; Uagp — voltage applied to the insulation in the course of
measuring and testing; Rp, Cp, — resistance and capacitance of the pollution surface layer; Iy — through-
conduction current; Is — surface leakage current; Ir — active surface current; Ic — capacitive surface current.

Figure 1. Insulator equivalent circuit

The insulation state is determined by leakage current, which is the sum of the through-conduction
current Iy (volume current) and surface current Is determined by the total insulation resistance conventionally
shown in Fig.1 in the form of resistance Rins. Moreover, the conduction current ly determines the degree of the
insulator material (dielectric degradation), and the surface current Is the degree of the insulator pollution.
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The total leakage current of insulators consists of the volume component that determines the quality
of the insulator material, and the surface component that determines the amount of insulation pollution.
Increasing the leakage current value characterizes deterioration of the insulator dielectric strength and leads to
significant increasing the probability of its surface flashover.

The information obtained in the analysis of leakage current parameters, such as: the number of pulses,
peak values, the effective value, the phase angle, charge accumulation, harmonic decomposition, is used to
assess the level of pollution, the degree of dielectric aging, as well as to predict the insulation flashover voltage
[8-19].

So, in [8, 9, 10], the authors propose to use changing the amplitude and effective values of leakage
current as a criterion for identifying critical conditions in dielectrics; in [11 - 14], it is proposed to use the
harmonic analysis of leakage current to control the pollution level. Work [15] is dealing with the use of the
partial discharges parameters; in [16, 17], the authors use a change in the effective value and phase angle of
the leakage current to determine the insulators condition.

Thus, measuring of the leakage current parameters is mainly used to determine the magnitude of
pollution and insulators flashover voltage, but the possibility of using the leakage current parameters to predict
the insulators service life and to determine the degree of degradation (aging) of the dielectric material is not
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considered [8 - 25]. Therefore, it is of interest to use the leakage current parameters to determine the degree of
degradation (aging) of the dielectric material and to predict the service life of insulators.

At the same time, surface pollution of insulators also affects leakage current. This conclusion can be
made based on the analysis of published studies, from which it follows that:

(1) In the course of operation, due to the combination of mechanical impacts and ultraviolet radiation,
there takes place slight erosion of the insulator surface, which increases its irregularities and leads to the
accumulation of dirt on it;

(2) When moistened, the conducting medium is formed on the surface of the insulator, which changes
the capacitive character of leakage current to resistive;

(3) Uneven distribution and moisture content of pollutants cause uneven distribution of the voltage
gradient over the surface, and in places with a high gradient voltage, partial surface discharges occur, which
increases leakage current;

(4) The flow of partial discharges and leakage current is accompanied by local heating and contributes
to the aging of the insulator material;

(5) As the surface irregularities increase, the accumulation of pollutants increases and the aging of the
insulator accelerates.

Thus, surface pollution also contributes to increase leakage current over time. Therefore, it is proposed
to use the effective measured values of leakage current as a criterion for predicting the service life of insulators
and determining the degree of degradation (aging) of the dielectric material, which take into account both the
aging of the dielectric and the effect of surface pollution arising in the course of operation.

3. EXPERIMENTAL STUDIES OF HIGH-VOLTAGE INSULATION STATE ON THE BENCH

To determine the possibility of assessing the high-voltage insulators state and predicting their service life
based on the values of leakage current (leax), a test bench diagram for measuring the insulation quality has been
developed (Figure 2).
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QF1 - circuit breaker, T1 - single-phase autotransformer, T2 - test transformer; TAL - current transformer;
K1 - electromagnetic current relay; VS - voltage sensor; R1, R2 — voltage divider resistors; Ol - object of
inquiry (insulator); CS - current sensor based on the resistor R3; F1 - spark gap; Al - oscilloscope;
PV1, PA1 - electrical measuring instruments.

Figure 2. Test bench circuit for measuring the insulators parameters

To measure lleak, high voltage is applied to the Ol (insulator) from the output of the test transformer
T2. Voltage regulation is performed on the low side of the test transformer by means of a single-phase
laboratory autotransformer T1 with the voltage regulation limit from 0 to 250 V. Applied voltage is measured
using a voltage sensor (VS) based on a resistive voltage divider R1; R2, and measuring of the lleak value of
the insulator (Ol) is performed using a current sensor (CS) based on the current shunt R3, the signals from
which are fed to the oscilloscope Al. For visual control, the leakage current value is measured with a PA1
milliammeter. To ensure protection of transformers from the flow of currents exceeding the nominal values,
current protection is installed on the basis of the K1 current relay connected through the TAL current
transformer into the secondary circuit of the autotransformer.

The measurements have been performed indoor under the following conditions: the ambient
temperature is 21°C and humidity is 43%. Before testing, the insulator surfaces are cleaned by washing with
isopropyl alcohol, and rinsing with distilled water in order to remove any trace of dirt and grease. For each
insulator, leakage current is measured in dry conditions under AC voltage.
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The measurements have been performed in the following way: by gradually increasing voltage and
recording its values with the use of a voltmeter, as well as the corresponding lieak Value. Measuring lieax has
been performed 60 seconds after voltage was applied to the insulator. Leakage current has been measured on
30 new, 26 used in operation within 10 years and 16 insulators used within 30 years, type PS120B. The
technical characteristics of the insulators are shown in Table 1 and Figure 3.

Table 1. Technical parameters of insulators
Type Materials H, (mm) D, (mm) L,(mm)
PS120B Glass 127 255 320

»
€ >

Figure 3. Profile and appearance of the PS120B type insulator

4. DISCUSSION OF THE RESULTS OBTAINED

As previously mentioned, the leakage current is the sum of two components: the surface current s,
which depends on the degree of the insulator surface contamination, and the volume current Iy, which
determines the degree of material dielectric aging. Since clean dry insulators were used to measure the leakage
current, it can be said that the value of the leakage current is determined only by the volume component of the
leakage current, which depends on the service life and operating conditions of the insulators.

The graphs of the insulators leakage currents measured values studied as a function of the applied
voltage. According to the data obtained, the leakage current graphs for new and preexisting insulators as a
function of the applied voltage shown in Figure 4 are plotted.
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Figure 4. Insulator leakage currents dependence on applied voltage for new insulators
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In the graphs there is shown the range of variation of leakage current values from the minimum
(min(New)) to the maximum (max(New)), as well as the average (aver (New)) values of the leakage current of
new insulators. The graphs show that for new insulators there is practically no variation in the leakage current
from the average value. This suggests that the insulation state of new, not previously used, insulators is almost
completely identical.

In Figure 5 the graphs there are shown the range of variation of leakage current values from the
minimum (min(Old10)) to the maximum (max(OIld10)), as well as the average (aver (Old10)) values for the
used within 10 years insulators.
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Figure 5. Insulator leakage currents dependence on applied voltage for used within 10 years insulators

At the same time, for used insulators this spread is from + 5% to + 23%. Moreover, with an increase
in the applied voltage, the value of the deviation of the leakage current from the average value increases. This
is due to different operating conditions and, accordingly, different degrees of insulation degradation.

The range of variation from the minimum (min(300Id)) to the maximum (max(300Id), as well as the
average (aver (New)) values of the leakage current of used within 30 years insulators shown in Figure 6.

0 min(Old30)—— max(Old30)— — aver(Old30)

300

250

200

150 1

100 1

Leakage current (uA)

50

8000 10000 12000 14000 16000 18000 20000
Voltage (V)

0 2000 4000 6000

Figure 6. Insulator leakage currents dependence on applied voltage for used within 30 years insulators

The experiment results on the leakage current average values produced with various testing voltages
and insulators service life are indicated in a form of graphics in Figure 7. As indicated, at each position of the
operating life has been an increase in leakage current if the applied voltage is increasing. As indicated, the
leakage current is increases if service life increasing.
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Figure 7. Leakage current as a function of the applied voltage for various insulators service life

Analysis of the results shows that the values of leakage current of insulators depends on their service
life. So, for example, the leakage current value of insulators that were in these operating conditions for 10 years
is approximately 1.25 times greater than that of new ones, and the leakage current of insulators that have been
used for 30 years is more than twice the leakage current of new insulators (comparison of data aver(New),
aver(0ld10) and aver(OId30), respectively).

Thus, the conclusion about the possibility of using the leakage current as a criterion for determining
the degree of degradation of the insulator material is confirmed. When this current reaches the maximum
permissible value, the operation of the insulators must be stopped.

5. METHODS OF PREDICTING THE INSULATORS RESOURCE

Based on the experimental data obtained, a method is proposed for predicting the service of insulators
consisting in the following.

Knowing initial leakage current lieacinit OF the new insulator and setting maximum permissible leakage
current lieak perm at which its operation should be terminated, let’s build a straight line of the theoretical service
life Tsi theor O the insulator (Figure 8, line 1).
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Figure 8. Predicting the insulator service life
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The forecast line of the insulator service will be constructed using a piecewise linear approximation.

The line of the insulator service life forecast is built with the use of piece-wise linear approximation
by dividing the duration of the insulator operation into intervals of AT. In the general case the line equation
has the form:

Ax+By+C =0. @)

Let us divide the terms of equation (2) by B and write it down with relative to y. As a result, we obtain
the equation of a straight line along a point and a slope ratio:

y:—éx—gzkx+b. (3)
B B

The value of the b variable is obtained equal to the value of the leakage current in the previous interval
b = lieakg-1)- For t=0 the value of the b = lieakinit Variable is obtained.

By measuring actual leakage current of the insulator and setting the time interval AT of the leakage
current averaging, we obtain the value of leakage current as a function of the operating time:

o = Tt 8,,..01,). (4)

The value of the interval AT is determined by the operating conditions of the insulators and the
required speed of response to changes in the state of the insulator dielectric strength. For surface leakage current
of an insulator, this interval can be from a day to a week, since this current characterizes the amount of the
insulator pollution and is a relatively fast process. At the same time, volume leakage current that characterizes
the degree of the insulator dielectric degradation, is a long process and the averaging interval can be from one
to several months, especially at the initial stage of the insulator operation, when the value of volume leakage
current is much lower than surface current and can be ignored. Later on, with increasing the operating time,
the value of volume leakage current increases.

The value of the slope ratio k is determined by the rate of changing the state of the insulation (its
drive) and is found by the expression:

. Ileak(i) - Ileak(i)aver
ti - t(i—l)
where  lieaki aver IS the average value of leakage current from the moment of operation start.

Thus, we obtain the value of leakage current for the operating time t;. Using expression (5), we find
the slope ratio and build a possible line for predicting the service life of insulators (Figure 8, line 2). In this
case, we obtain a possible change in the service life ATsi1, corresponding to changing the state of the insulators
under these operating conditions.

Similarly, we determine the value of leakage current lieakz ... ieak (i) @nd obtain the possible lines for
predicting the service life of the insulator at different values of insulation condition (Figure 8, lines 3 ... n).
Thus, with accumulation of the data (the number of time intervals of averaging) of the actual leakage current
value lieak), the value of the slope ratio k makes it possible to take into account changing the state of insulation
during operation and the forecast accuracy increases.

The graph shows that the expected service life of the insulators differ by the value ATs., characteristic
for the conditions in which the studied insulators have been operated. Certainly, when the natural and climatic
conditions of the operation area change, the predicted service life of the insulators will be different.

In this case, if in the previous interval AT of monitoring, surface pollution, for example, due to a dust
storm, increased, then leakage current will also increase, and the residual resource will decrease. If in the
current monitoring interval rainfall washes away a part of the pollution, then leakage current will decrease, and
the residual resource will increase. Consequently, the residual resource will be constantly adjusted.

The described technique was published by the authors in [26]. On the basis of this method, there was
issued the RK patent [27]. To implement the proposed method, a comprehensive system of protection and
diagnostics of overhead line elements has been proposed and developed, which collects and transmits the
information of the current state of insulation over GSM networks in real time from leakage current sensors of
strings of overhead line insulators placed on supports [28, 29].

Increasing leakage current also leads to increasing the power losses. The amount of power 10sses Pjeak
can be defined as:

I:)I U app Ileak' (6)

The power losses obtained for different service life of insulators depending on voltage applied are
presented in Figure 9.

) (5)

pak —
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Figure 9. Power losses as a function of applied testing voltage of a glass insulator for three different
insulators service life

Figure 9 shows that changing the value of applied voltage significantly affects the value of the active
power losses of the insulator. Losses depend on the insulator resistance and are proportional to the leakage
current square. The loss is manifested as heat on the insulator material, which leads to thermal aging of the
insulator material. As voltage applied to the insulation increases, the aging rate increases and the service life
of the insulators decreases accordingly.

6. STUDYING FORECAST METHODOLOGY UNDER OPERATION CONDITIONS

For technical implementation of the methodology, it was necessary to provide effective monitoring of
leakage currents of high-voltage insulators under operating conditions directly from the OHPL supports.

The technique has been refined during testing of an experimental model of the system of remote
monitoring leakage currents of high-voltage insulators that was developed with participation of the authors. To
measure leakage currents, a sensor with telemetric information transmission has been used [30, 31]. Conduction
volume and surface current are generated in the sensor.

Experimental studies of leakage currents have been performed under operating conditions. To
measure leakage currents, a new and clean insulator has been placed in an external environment where it was
exposed to external atmospheric effects. The values of leakage currents from the output of the current sensor
have been transmitted via the GSM network to a computer, where the research results were stored and
processed.

The sensor as a part of the system has been tested within 2 months (62 days). During the tests the
recording of leakage currents of the insulator have been made with discreteness at least once an hour. Then,
these data have been averaged, and the average value of leakage current per day has been determined. An
example of averaged daily leakage current values is shown in Figure 10.
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Figure 10. Averaged daily leakage current values of the PS120B insulator
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The graphs of the obtained values for leakage current within the first and second months of testing are
shown in Figure 11. To assess the effect of external factors on leakage current, average daily values of
temperature and humidity taken from [32] are plotted on the same graphs.
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Figure 11 — Insulator leakage current for the first month

e Conduction current s Humidity e Temperature

= = Humidity trend = = Temperature trend

123 456 7 8910111213141516171819202122232425262728293031
Date

a) conduction current

-10

25

20

15

10

Temperature, °C

Prediction of the High Voltage Insulators Service Life Based on the Effective... (Breido losef et al)



298 a ISSN: 2089-3272

=g Surface current e H UM ity Temperature
® = = Humidity trend Temperature trend
2100 - 25
S
5
2 F 20
= 5
< b g
g &
E L 10 8
5 5
S L s +
m
&
o
Y 0 0

1234567 8 910111213141516171819202122232425262728293031
Date

b) Surface current
Figure 12. — Insulator leakage current for the second month

The analysis of the data obtained allows concluding that external factors (humidity and temperature)
do not practically affect the value of the conduction current values of the insulator. Temperature changes have
a little effect on the surface current values, while humidity has a significant effect. The values of the correlation
coefficient for temperature and humidity for conduction current were Keorr T = -0.11, Keorrn = 0.26. For surface
current, the values of the corresponding coefficients were: Keorrr = - 0.20, Keorr v = - 0.68.

7. PREDICTING INSULATOR LEAKAGE CURRENTS BASED ON EXPERIMENTAL
RESULTS
Based on the experimental data of leakage currents obtained within 62 days in accordance with the
proposed method, presetting the time interval of 1 week, we obtain 8 full intervals. To test the technique
operability, we will perform forecasting the possible values of the leakage current of insulators for different
numbers of time intervals. Table 2 shows the results of measuring the actual and predicted values of leakage
current of the insulator performed with the use of the method described above for 3 time intervals using
Microsoft Excel.

Table 2. Leakage current values for 3 time intervals

Time interval Actual leakage current Forecast Lower boundary of the Upper boundary of the
value, pA (LA) confidence interval, (UA) confidence interval, (UA)
1 87.4
2 85.33
3 96.21 96.208571 96.21 96.21
4 84.54 98.941866 91.47 106.41

Figure 13 shows the graph of insulator leakage currents built according to Table 2.
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Figure 13. Predicting the insulator leakage current values with 3 time intervals
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Itis seen from the presented graph that for a given number of time intervals, the actual value of leakage
current does not fall within the calculated confidence interval. Since the number of the obtained actual values
of the leakage current is limited to 8, in order to be able to compare the actual and calculated values, we will
perform forecasting the values of the leakage current for 6 time intervals. Table 3 presents the data of actual
and forecasted possible leakage current values for 6 time intervals.

Table 3. Leakage current values for 6 time intervals

Time interval Actual leakage current Forecast Lower boundary of the Upper boundary of the
value, (LA) (LA) confidence interval, (WA) confidence interval, (WA)
1 87.4
2 85.33
3 96.21
4 84.54
5 91.38
6 92.78 92.777143 92.78 92.78
7 95.31 96.267977 89.64 102.90
8 91.63 91.51553 84.83 98.20

Figure 14 shows the graph of insulator leakage currents built according to Table 3.
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Figure 14. Predicting the leakage current values with 6 time intervals

From the Figures presented follows that as the actual values of leakage current accumulate (the
number of time intervals increases), the forecast accuracy increases and, starting from some minimum amount,
the predicted values of leakage current do not go beyond the confidence interval with the accepted reliability
p =0.95.

Thus, it is obvious that the number of time intervals affects the accuracy of forecasting the state of
insulation according to the proposed method, and to increase the accuracy of the forecast, it is necessary to
increase the number of time intervals.

It is not advisable to make a forecast for a larger number of intervals due to the limited amount of
available data. With accumulation of the data of the leakage currents values obtained within subsequent time
intervals, the forecast accuracy will increase, which is confirmed by the already available experimental data
based on the results of two-month tests. The conclusions made confirm the possibility of using the proposed
iterative method based on a constant correction of the forecast based on the results of accumulated experimental
data.

8. CONCLUSION

It has been established that insulators that have been in operation for 10 years have leakage current of
about 1.25 times higher than that of new ones, and insulators that have been used for 30 years it is more than
twice leakage current of new insulators. Based on the results of the analysis carried out, theoretical and
experimental studies, a method is proposed for determining the residual life of high-voltage insulators of
overhead high-voltage power lines. It is proposed to use the effective average value of leakage current of high-
voltage insulators as a criterion for assessing the residual life.

Prediction of the High Voltage Insulators Service Life Based on the Effective... (Breido losef et al)
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The technique is based on the remote monitoring of leakage currents of high-voltage insulators located
on supports by periodically adjusting the residual life. Within 62 days, experimental studies of the developed
technique were carried out in real operating conditions. The remote monitoring of the overhead line insulation
state was performed with the use of an experimental model of the telemetric system for monitoring leakage
currents of high-voltage insulators.
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