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Abstract. A system for location of fault insulator strings is proposed. Insulation failure in a de-
fective isolator results in the occurrence of a significant current discharge in the circuit, which
achieves some amperes and whose main own oscillation frequency is in the range of 15-30
MHz. The exact location of the defective string of insulators can be determined by aerial in-
spection with two small aircraft equipped with synchronized oscillographs which record high-
frequency electromagnetic pulses. Processing of the recorded waveforms with geo tags makes
it possible to locate a defective insulator string. The selection of the useful signal from the rec-
orded waveforms is performed using wavelet analysis based on the main antenna characteris-
tics. It was found that the accuracy of the location depends to a large extent on the characteris-
tics of the instruments of the satellite exact time system.

1. Introduction

The modern world puts particularly high reliability requirements to the industries that are of great im-

portance for the normal industry functioning and human life. The power industry is undoubtedly the

basic industry which should be highly reliable. Insufficient electricity supply resulted from the disrup-

tion of the high-voltage overhead lines (HV OHL) can lead to large economic losses in industry. The

analysis of OHL failures carried out in [1,2] shows that line isolation faults accounts for a significant

part of all failures, therefore, timely and accurate location of the defects is an urgent problem. The

physical reason for the occurrence of such a defect is a damaged glass insulator. Due to the influence

of external factors such an insulator can lose its insulating properties, however, not completely. In prac-

tice, it is customary to call such insulators zero insulators, assuming that the remaining electric strength

of this element is much less than the initial one. But the remaining reduced electric strength in the situa-

tion when the voltage distribution across the string of insulators is uneven, creates conditions when the

damaged element can be blocked by a discharge along the surface of the remaining insulating part.
Currently, methods for inspecting overhead lines are divided into several groups [3-8]:

visual and video inspection;

thermal imaging control;

acoustic monitoring;

control by ultraviolet radiation;

laser scanning of the line;

analysis of electromagnetic radiation in the high frequency range.
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In this work we propose a method based on the last group of methods - synchronous measurement
and processing of high-frequency electromagnetic radiation at two points during a flight over an over-
head power line using various small aircraft. For example, measurement information collection tools
may be placed on board unmanned aerial vehicles (UAV).

2. Materials and Methods

2.1. Discharge processes caused by a defective insulator

When the remaining electrical strength of the damaged insulator is small, the applied voltage is suffi-
cient to cause a discharge along the surface of the remaining dielectric. This overlap is characterized
by a high rate of current change, the frequency of which is determined directly by the current loop. To
obtain an accurate measurement of the amplitude of the discharge current, the OHL support must be
represented as line sections with different wave impedances for given frequencies, but such a solution
of the problem entails large and complex calculations by means of the programs for calculating elec-
tromagnetic transient processes such as EMTP [9] or SPICE [10], which is not always justified. In this
case we can use the engineering methodology for assessing the amplitude and frequency of the emerg-
ing current. It will be shown below that such an approach satisfies the accuracy of the process predic-
tion at the moment of discharge. In this approach, the OHL support is substituted for a lumped induct-
ance (Lwow), proportional to the sum of its element lengths - traverses and racks. The discharge current
is limited by the phase wave impedance of the line at high frequency, the characteristic impedance of
the discharge circuit and the tower footing resistance at high frequency. The current flow path and the
equivalent circuit of the power line and discharge circuit are shown in Figure 1.
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Figure 1. The path of the HF discharge current (a) and the equivalent circuit for esti-
mating the discharge current (b) (the support is represented by a lumped inductance).

At high frequencies, due to the weak penetration of the electromagnetic field into the earth (and,
therefore, assuming that the soil resistance is p—0), the surge impedance of the power line conductor
can be approximately calculated as

r,n=1 a
ZS;60In(ﬁj, r= T , =,
r (o) n>2 2sin(™)
n

where H - the average conductor suspension height, » - the radius of the conductor (rp when n = 1), or
the radius of the equivalent conductor in case of a bundle conductor (#>2); a - separation between sub-
conductors; # - a sub-conductors number.
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The amplitude of the high-frequency discharge current, taking such a simplified model, is defined as
U br
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where 8 =—%——— and B=4/B2-8° - oscillations decay factor and angular frequency, Rpo=100
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On HV OHL and especially EHV OHL, the discharge current is limited, to a greater extent, by the
characteristic impedance of the discharge circuit (Z¢), which, in the general, is determined by the for-
mula:

Z =

c C,

With increasing operating voltage of the power transmission line, the number of insulators in the

string (Nins) increases, which leads to an increase in the characteristic impedance of the circuit Zc. The

high-frequency line impedance (Zs) and the tower footing resistance at high frequency (Rwo) have a

smaller effect on the current amplitude. Due to the relatively small attenuation (Zc >> (Zs/2 + Rioot)),
the amplitude of the discharge current can be estimated less accurately than (1) as

C
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Table.1 Characteristics of discharge circuit

Urated, KV 110 220 330 500 750
Zs, Ohm 450 460 360 330 315
Zc, Ohm 1800 2800 3700 4600 6500
Low, ptH 19 23 26" 30" 40"
Ior.m, A 4.8 33 2.6 2.1 1.5
F, MHz 15 19 22 25 26
I'orm F (A-MHz) 79 65 58 50 37

*supports of the portal type (portal structure), the conductor is split; ro = 0.0104 m; Uy, = 10 kV

Table 1 shows the basic input data for the HV OHL, the calculated frequencies of natural oscilla-
tions and the approximate amplitudes of the discharge current, depending on the class of line voltage.
In the calculations it was assumed that the intrinsic capacitance of the insulator is Cyp = 35 pF, and the
linear inductance of the support, depending on its design, is 0.8 - 1 wH/m (a lower value for the portal
type supports).

When analyzing the results presented in the table, it can be noted that the product of the initial dis-
charge current (/) and the frequency F = B/(2n) differs relatively little (approximately twice) from a
change in the line operating voltage. This suggests that the EMF induced in the electromagnetic (EM)
antenna of the device fixing the HF radiation will not depend heavily on the operating voltage of the
high-voltage line.
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2.2. Location of the damaged string

The methodology for determining a damaged element (an insulator in a string) is described in [11-14]
and consists in recording EM radiation during a HV OHL inspection by aerial aircraft. The method
involves the use of two registrars located at a certain distance from each other. When performing aeri-
al inspection, they synchronously (through time synchronization receivers) register signals coming
from the defective section (string of insulators) of the high-voltage power transmission line. During
the flight, the additional data on their location is collected and registered, and for each captured wave-
form there is a reference to the place - a geographical tag. Next, the signal is processed using software
that extracts pairs of waveforms taken at one moment in time from the data collected. When having
the geo data for each waveform, it is possible to find out the distance between the two registrars and
then analyze the recorded signals in order to accurately locate the defective string.

Table 1 shows the expected signal frequency (F), which provides useful information about the
presence of a fault. When the emitted frequency is known as well as the characteristics of the receiving
antenna and by using the methods of representing the signal in the frequency and time domain (win-
dow Fourier transform, wavelet transform), it is possible to find a signal that meets the search criteria.
Such a criterion is the sum of the pulse occurrence times (A¢; and At,) from the moment of simultane-
ous start of horizontal oscilloscope scans. This sum is the travel time of the electromagnetic wave to
cover the distance between the two sensors - 1. It should be equal to the calculated wave travel time by
using geotags. If this condition is met, then we can say that the defect is between two sensors and its
coordinate is calculated by the expression

Xy =X — ALV, €)

where x; is the “x” coordinate for the first sensor (i.e., the UAV), v is the propagation velocity of the
EM wave (for air, v=300 m/us). An example of such a waveform in a simplified form is shown in Fig-
ure 2, b. It shows that there are two such signals caused by the breakdown of a zero/damaged insula-
tor. By the delay time Az;=1.7 us the coordinate of the fault on the line is determined.
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Figure 2. The position of the aircraft during the aerial OHL inspection (a) and the pulses of electro-
magnetic sensors (b).

3. Results

To confirm the operability of this method, an experiment was conducted on the active 10 kV overhead
line, on which an HF discharge was initiated. For these purposes, a cap insulator was suspended on a
phase conductor, and an air gap with a breakdown voltage of 6 to 8 kV was connected to it in series
(Figure 3). It acted as a defective insulator and, during breakdowns, generated high-frequency current
pulses into a power line.
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Figure 3. The scheme of the experiment.

Assessment of the current amplitude (/,,) can be performed by the expression (1), in which, instead
of the support inductance, the inductance of the conductor connecting the linear wire to the ground
electrode through an insulator and a spark gap should be taken. According to (1), for a conductor 8 m
long, Cy = 35pF, H =8 m, Rtx=200 Om and 7=6.9 mm, the current is in the range /,, = 6.4 - 8.5 A.
Due to the absence of high-quality artificial ground electrode in the middle span, the resistance R is
a priori assumed to be of the specified value.

A current pulse flowing into the OHL conductor, as it spreads to both sides of the spark gap, induc-
es a high-frequency electromagnetic field. During the pulses generation, an electromagnetic sensor
was moving along the OHL, in the form of a square loop antenna with a side of 200 mm, located at a 1
m height from the surface of the earth. The signal induced in the sensor was recorded by a digital stor-
age oscilloscope with a bandwidth of 100 MHz. The signal was recorded at several points: 200, 800,
and 1000 meters from the HF radiation source. In addition, to simulate the real distance between the
overhead power line and the aircraft, the sensor with the recording oscilloscope was separated by 35
meters from the line. The received signals were processed to determine the possibility of identifying
points in time corresponding to the arrival of signals caused by breakdowns in the arrester. Waveform
processing was carried out using wavelet analysis.

Analysis of the recorded signals using wavelets made it possible to accurately identify the main
frequencies in the oscillations that occur in the measuring circuit, which included the inductance of the
loop antenna (L) and the input capacitance of the measuring cable (Ceas) and oscilloscope (Cosc).
The calculated frequency of the natural oscillations of the measuring circuit was approximately = 16
MHz.

The frequency of the main oscillations formed during breakdowns of the air gap in the arrester is
relatively small - about 8 MHz. However, the front of the current pulse introduced into the OHL is
rather steep (~ 15 ns). Therefore, it is possible to assume that in the measuring frame located along the
high-voltage line, an EMF of complex shape with a steep front is induced.

The high-frequency pulse was measured during a half-period of industrial frequency (10 ms) dur-
ing which a breakdown of the discharge gap occurred. The total recording length was 10 million
points, the time sampling step was 1 ns. Figures 4 shows fragment of oscillogram recorded at 200 m
distance from the radiation source, and its spectrogram obtained by wavelet analysis [15]. Oscillations
with a frequency of natural oscillations f, have the highest energy, they are exactly determined through
wavelet analysis. The removal of the electromagnetic sensor at 35 m from the axis of the OHL path
led to a weakening of the signal by approximately 10 dB. Without special signal processing algorithms
for oscillograms it can be determined that the arriving time of the measuring pulse can approximately
be considered the time of the first oscillation period occurrence with the fundamental frequency fo.
Based on this fact, the accuracy of fixing the time of pulse arrival to an electromagnetic sensor can be
estimated at the period level of this frequency, i.e. oa=1/fs. For the loop antenna which was used
o260 ns, i.e. the geometric error is about 18 m. The average distance between adjacent HV OHL
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supports (span length) is about ~ 300 m, the travel time by the electromagnetic wave for this distance,
respectively, is Tspan=1 us. The estimated time error o, is much less than the travel time (oa<<Tspan).
Therefore, the assignment of a defective string of insulators to a specific HV OHL/EHV OHL support
is carried out without error. However, it is necessary to take into account the limited accuracy of syn-
chronization of the oscillograph system built on a satellite exact time system. The accuracy of the time
synchronization system is about 100 ns, which results in the real maximum error in the location of de-
fective insulation increase up to ~ 50 m.
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Figure 4. A waveform fragment for the voltage induced in the electromagnetic sensor (a) and the
spectrogram obtained by using wavelet analysis (the distance from the sensor to the arrester is 200
meters, the location of the sensor is under the high-voltage line.

4. Discussion

It should be noted that the object where full-scale experiments on the discharge pulses generation were
conducted and their registration at some distance from the radiation source (on an overhead power
transmission line 10 kV) differs from the planned field of application - HV and EHV overhead power
lines. The difference in the high-frequency signal propagation conditions can be explained by the fact
that the 10 kV OHL supports are often located at small distances from each other - the distance be-
tween them is approximately 60 m. When high frequency pulse comes to each support with lumped
capacity insulator on the reinforced concrete support having finite inductivity and earth resistance the
pulse refraction occurs. On the HV and EHV lines, the distance between the supports is considerably
greater (up to 300-350 m) and the signal refraction at the nodes is expected to be smaller. This has a
positive effect on the signal propagation conditions and the possibility for its measuring. To estimate
the signal propagation range of a similar (high-frequency / pulse) origin, it is planned to conduct an
experiment on an overhead transmission line of 110 kV. It should also be noted that the developed
method for locating defective strings can be used in any vehicles moving along the overhead lines
routes.

5. Conclusion
1. It has been theoretically shown that during the damaged insulators breakdowns, a sufficiently large
high-frequency current of Amperes (1.5 ... 5 A) is introduced into the line depending on the operating
voltage of the high-voltage line.

2. Experimentally, on the active 10 kV line, the possibility of detecting high-frequency electromag-
netic radiation similar to breakdowns of defective insulators is shown. The current level of measuring
equipment development is quite sufficient for recording electromagnetic signals from defective insula-
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tors at a distance of ~ 1 km. When using specialized low-noise amplifiers, this distance can be in-
creased.

3. Determination of the useful signal associated with the moment of the defective insulator break-
down from the recorded waveforms is reliably performed using wavelet analysis.

4. The error in the location of defective insulation using the method described depends mainly on
the characteristics of the exact time devices installed on aircraft.

References

[1] Vasilev A P 2014 Metody i sredstva obespechenija nadezhnost’ju i bezopasnostju
jelektricheskih setej I ustanovok jelektrojenergeticheskih sistem [Materials and methods for
reliability assurance, electrical networks, and equipment of electrical system] (St. Petersburg:
Izd-vo Politehn. Un-ta) [In Russian]

[2] Nepomnyashhij V A 2013 Nadezhnost' oborudovaniya energosistem [Reliability of electric
power systems equipment] (Moscow: Elektroenergiya. Peredacha i Raspredelenie) [In
Russian]

[3] Whitworth C C, Jones D I, Duller A W G and Earp G K 2001 Aerial video inspection of
overhead power lines Power Eng. J. 15(1) 25-32

[4] Marshall M 1999 Aerial infrared line inspection Rural Electric Power Conf. (Indianapolis,
USA) pp A3-1-2

[5] El-Hag A, Mukhopadhyay S, Al-Ali K and Al-Saleh A 2017 An intelligent system for acoustic
inspection of outdoor insulators 3rd Int. Conf. on Condition Assessment Techniques in
Electrical Systems, CATCON 2017 (Rupnagar, India) pp 122-5

[6] Arbusov R and Ovsyannikov A 2000 Application of optical-electronic flaw detector to detect
damaged and defective insulators in substation and transmission lines Proc. CIGRE SC 33
Conf.

[7] Golinelli E, Musazzi S, Perini U and Pirovano G 2009 Laser Based Scanning System for High
Voltage Power Lines Conductors Monitoring 20th International Conference and Exhibition
on Electricity Distribution, CIRED 2009 (Prague, Czech Republic) pp 784

[8] Khawaja A H, Huang Q and Khan Z H 2017 Monitoring of Overhead Transmission Lines: A
Review from the Perspective of Contactless Technologies Sensing and Imaging 18 24

[9] Dommel H 1986 Electromagnetic Transients Program Reference Manual (Portland, United
States: Bonneville Power Administration)

[10] Mahseredjian J, Dennetiére S, Dubé L,Khodabakhchian B and Gérin-Lajoie L 2005 On a new
approach for the simulation of transients in power systems Electric Power Systems Research
77(11) 1514-20

[11] Gole A M, Nayak O B, Sidhu T S and Sachdev M S A 1996 Graphical Electromagnetic
Simulation Laboratory for Power System Engineering Programs [EEE Trans. on Power
Systems 11(2) 599-606

[12] Banzhaf W 1989 Computer aided circuit analysis using SPICE (Upper Saddle River, United
States: Printice Hall)

[13] Shutovich A Yu and Kachesov V E 2016 Lokaciya defektov v linejnoj izolyacii vozdushny'x
linij po dvum izmereniyam s pomoshh'yu letatel 'ny'x apparatov [Location of defects in
overhead transmission lines insulation by two-point measurement made by aircraft]
Elektroenergetika Glazami Molodezhi-2016 (Kazan: KGEU) vol 1 pp 262-5 [In Russian]

[14] Messina A R 2009 Inter-area Oscillations in Power Systems (New York: Springer-Ferlag)

[15] Sadowsky J 1994 The continuous wavelet transform: A tool for signal investigation and
understanding Johns Hopkins APL Tech. Dig. 15(4) 306-18



