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Abstract: The article describes a complex of non-contact methods for remote diagnosis of high-
voltage insulators as well as the two-channel method for remote diagnostics of the operating state
of high-voltage insulators, based on the registration of partial discharges by electromagnetic and
acoustic sensors. The presented device allows visual inspection and searches for faulty high-voltage
equipment and a remote non-contact method of recording high-intensity electric fields of industrial
frequency and their spatial distribution based on the electro-optical effect. The scheme of using the
system for monitoring and diagnosing the technical condition of high-voltage support insulators of
open switchgear is described. The results of experimental studies confirm the possibility of industrial
applicability of the proposed method for non-contact remote diagnostics of the state of high-voltage
insulators under operating voltage.

Keywords: remote diagnosis; partial discharges; nondestructive testing; high-voltage insulators;
photonic crystal; insulation defects

1. Introduction

At present, in the context of electric power industry rapid development, it starts facing
the problem of recording electric fields of industrial frequency (50–60 Hz), as a part of
the ultra-low-frequency range of the radio frequency spectrum, which is becoming more
common, both in industrial conditions and in everyday life. These fields are generated
mainly by power lines, open switchgear, bus bars, various high-voltage devices, transform-
ers, high-voltage bushings, protection and automation devices, bus bars, and switches.
All mentioned devices have a strong negative impact not only on electronic engineering
but also on humans. The exposure on the human body results into disorders in nervous
and cardiovascular systems and changes of blood composition. The degree of exposure
primarily depends on the intensity and duration of the radiation. Continuous exposure
leads to pathologies of various organs. According to the sanitary and epidemiological
rules and regulations [1,2], the maximum permissible level for field strength at the service
personnel’s workplace when being exposed for 1 h per shift is 60 kV/m. At the same
time, malfunctioned electrical equipment may act as an additional source of high and
low-frequency radiation.

By the end of the 20th century, ideas on diagnostics of the of high-voltage equipment’s
operating state began to change moderately from the applied test stand control, with the
death of equipment, to remote control of equipment under operating voltage [3–8].

Thus, the possibility of contactless detection of sources of electric fields appears
important to determine the degree of their influence on the surrounding space. Additionally,
the registration of local overvoltage in transformer windings, in high-voltage insulators
and cables, can indicate the presence of insulation defects, which ultimately cause damage
and even destruction of the insulating elements [9–19]. Therefore, it is necessary to control
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the occurrence of local overvoltage during the high-voltage insulation operation. It will
be more convenient to carry out overvoltage remotely and contactless because in this
case there is no need to decommission the equipment [20–26]. Yet, despite the existing
urgency, the degree of development of such control methods has been low until now.
Although separate attempts have already been conducted to create them [27–36], they have
not yet become widespread in high-voltage systems. Insufficient development of remote
contactless methods for overvoltage control in high-voltage insulation prompted us to
continue research in this direction. The purpose of our research was to create a method
for non-contact remote measurement of various types of electric fields for high-voltage
insulation, which eliminates the shortcomings of previous developments. There is an
obvious necessity in the development of an integrated method and the corresponding
instrumentation for continuous contactless diagnostics of the operating state at all stages
of operation of high-voltage insulators, starting from the moment they are connected to the
electrical network. The result of the research should ensure the possibility of recording the
moment of occurrence of a pre-defect state by identifying areas with increased electric field
strength and measuring the gradients of the electric field strength in these areas, followed
by the isolation of defects.

2. Materials and Methods

Figure 1 shows contactless mobile diagnostic devices that were used to detect PDs in
high-voltage insulators (HVI). The diagnostic device conducts basic measurements using
electromagnetic (EM) and ultrasonic (US) sensors [37] and a phase sensor. Diagnostic
devices have been installed at the substation at a distance from the monitored HVI group.
The ultrasonic sensor allows to localize a group of faulty HVIs and the EM sensor measures
the electromagnetic field emitted by the PD using an antenna. This non-contact diagnostic
device is used by the authors for inspection of insulators.
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Figure 1. Flowchart of a non-contact diagnostic device.

Registration of electromagnetic pulses of partial discharges (PDs) (Figure 1) is carried
out by means of an electromagnetic sensor (directional antenna). The electromagnetic
sensor allows detecting pulses in the frequency range of 0.5–600 MHz [38,39]. Acoustic
pulses are detected via acoustic sensor (active parabolic antenna). The sensor operates at a
frequency of 40 kHz.

The factors determining the frequency are the frequency dependence of wave at-
tenuation, industrial noise and electromagnetic interference. For example, acoustic noise
dominates in the low-frequency region (20 Hz–20 kHz), the upper frequency limit is limited
by the frequency dependence of attenuation, (f ≥ 100 kHz). Experiments have shown that
in the range of 35–45 kHz, with a signal-to-noise ratio of ≈ 2, acoustic pulses from the
PDs are detected at a distance of 15–25 m. Considering the low-frequency production of
electromagnetic interference in the range (50–200 MHz) and above 600 MHz, the frequency
bands 20–50 MHz and 400–550 MHz are the most preferred for electromagnetic registration
of the PD. The intensity of the PD signals is much higher in the second band than in the
first one [39].

Figure 2 represents the monitoring system. It is a pair of receivers (non-contact diag-
nostic devices in Figure 1 for the treatment of partial discharges emitted by the substation
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insulating equipment, mounted along the perimeter of the substation. A meteorological
station is mounted in an arbitrary place to determine the temperature and humidity of the
air, and the direction of the wind. Electromagnetic and ultrasonic channels are used for
registration and remote monitoring of the insulation condition at the substation. Sensors
placed along the perimeter of the substation allow triangulating the discharges of faulty
insulators when simultaneously monitoring the environmental parameters.

Energies 2021, 14, x FOR PEER REVIEW 3 of 16 
 

 

Figure 2 represents the monitoring system. It is a pair of receivers (non-contact diag-
nostic devices in Figure 1 for the treatment of partial discharges emitted by the substation 
insulating equipment, mounted along the perimeter of the substation. A meteorological 
station is mounted in an arbitrary place to determine the temperature and humidity of the 
air, and the direction of the wind. Electromagnetic and ultrasonic channels are used for 
registration and remote monitoring of the insulation condition at the substation. Sensors 
placed along the perimeter of the substation allow triangulating the discharges of faulty 
insulators when simultaneously monitoring the environmental parameters. 

 
Figure 2. The monitoring system: MC—measuring cell, CC—the control center. 

After determining the diagnostic parameters of the PD, the obtained distribution is 
compared with the same for serviceable, pre-defective and defective HVI. The complex 
provides localization of the signal source via a directional antenna with an accuracy of 1–
2 m from a distance of 5–10 m, even in a field with a large number of signal sources and 
reflective surfaces [39]. In the microwave range, the interference level is much lower and 
antennas can be used with a high degree of directivity. This will ensure the localization of 
the source with an accuracy of about 0.5 m. The sensors are most sensitive to defects in 
the external parts of the equipment. These sensors are most sensitive to defects in the outer 
parts of the equipment [39]. 

The acoustic sensor included in the complex makes it possible to carry out a fairly 
accurate localization of the signal source inside the object of low-frequency PD. In this 
case, the delay of the moment of arrival of the acoustic pulse relative to the electrical signal 
at several points of the equipment is measured. Based on this, the approximate position 
of the source is calculated, considering the design of a specific object [39]. Acoustic sensors 
are practically not susceptible to external interference on power equipment of substations. 

The communication module is a microcontroller device with a radio transmitter op-
erating under the IEEE 802.15.4 standard on its own-account software [38]. Depending on 
the application, the communication module can be used separately as a radio transmitting 
device or with a data gateway to the required protocol (USB, RS-485, etc.) [39,40]. 

The method for performing visual inspection and detecting malfunctioning equip-
ment is as follows: we constructed a design for a portable device allowing visual identifi-
cation of the defects in high-voltage equipment. The flowchart is shown in Figure 3. The 
device includes acoustic sensors, an electromagnetic sensor, a laptop with a video camera, 
and software. To identify malfunctioning equipment, it is necessary to direct the device 

Figure 2. The monitoring system: MC—measuring cell, CC—the control center.

After determining the diagnostic parameters of the PD, the obtained distribution is
compared with the same for serviceable, pre-defective and defective HVI. The complex
provides localization of the signal source via a directional antenna with an accuracy of
1–2 m from a distance of 5–10 m, even in a field with a large number of signal sources and
reflective surfaces [39]. In the microwave range, the interference level is much lower and
antennas can be used with a high degree of directivity. This will ensure the localization of
the source with an accuracy of about 0.5 m. The sensors are most sensitive to defects in the
external parts of the equipment. These sensors are most sensitive to defects in the outer
parts of the equipment [39].

The acoustic sensor included in the complex makes it possible to carry out a fairly
accurate localization of the signal source inside the object of low-frequency PD. In this case,
the delay of the moment of arrival of the acoustic pulse relative to the electrical signal at
several points of the equipment is measured. Based on this, the approximate position of
the source is calculated, considering the design of a specific object [39]. Acoustic sensors
are practically not susceptible to external interference on power equipment of substations.

The communication module is a microcontroller device with a radio transmitter
operating under the IEEE 802.15.4 standard on its own-account software [38]. Depending on
the application, the communication module can be used separately as a radio transmitting
device or with a data gateway to the required protocol (USB, RS-485, etc.) [39,40].

The method for performing visual inspection and detecting malfunctioning equipment
is as follows: we constructed a design for a portable device allowing visual identification
of the defects in high-voltage equipment. The flowchart is shown in Figure 3. The device
includes acoustic sensors, an electromagnetic sensor, a laptop with a video camera, and
software. To identify malfunctioning equipment, it is necessary to direct the device with the
camera at the inspected area of the object. The sensors detect signals from malfunctioning
equipment and superimpose the signal intensity from the sensors on the picture from the
camera using the software installed on the laptop (Figure 3).
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The main task of the complex is to identify defective insulators from the general
system of high-voltage insulators that are under operating voltage and located at certain
distances from each other at outdoor switchgears and substations [39]. We developed a
portable device for visual detection of faulty insulators and other high-voltage equipment
at energy facilities based on these conditions.

The process of recording high-intensity electric fields is based on the electro-optical
effect [41]. Local areas with an increased intensity of this field (the change in the reflection
coefficient is proportional to the electric field strength) are determined by the change in the
reflection coefficient of the laser beam from the electro-optical sensor for monitoring the
electric field strength. Moreover, an electro-optical sensor is used to measure the gradients
of the electric field. The sensor is pre-calibrated in a calibrated alternating electric field.

Figure 4 represents the flowchart of the developed device for non-contact remote
diagnostics of HVI. The device consists of a series-connected laser emitter (1), a polarization
discriminator (2), an optical fiber (3), a photodetector (5), a narrow-band amplifier and
a comparator (6), a personal computer (or laptop) (7), and an electro-optical sensor (4)
connected to a fiber light guide (3) and a photodetector (5) [42]. The main measuring
element of the device is the electro-optical sensor (4), which can be placed directly in a high
alternating electric field because it is made without the use of metal elements. The optical
fiber is also protected from the electric field.
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The electro-optical sensor (4) is nothing more than a ferroelectric crystal, on the surface
of which a periodic domain structure (PDS) is formed [43]. To increase the sensitivity and
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resolution when locating field strength gradients, the resonance properties of the PDS
are used for a given wavelength of the laser emitter (1) [44]. The average values of
the alternating electric fields intensity, corresponding to the operating high voltage, are
determined during experimental measurements for all diagnosed high-voltage insulators.
Additionally, the limiting boundaries of the gradients of the electric field strength are
determined (the limit prior to electrical breakdown or overlapping of insulators).

To scan the surface of high-voltage insulators, an electro-optical sensor (4) is placed
on a dielectric rod and connected through a polarization discriminator (2) and a fiber light
guide (3) with a laser emitter (1), as well as with a photodetector (5) [8,42]. The sensor is
brought closer to the insulator to scan the surface. In this case, the operator is at a safe
distance from the high-voltage insulator and only touches the dielectric rod. The obtained
data are recorded using special software, which records the spatial position of the electro-
optical sensor relative to the insulator surface and the electric field strength corresponding
to this point. Also, the computer program measures the normal and tangential components
of the gradients of the electric field strength. Further, the spatial distribution of the elevated,
normal, and tangential to the surface gradients of the electric field strength is compared
with the previously stored reference strength values for a completely serviceable high-
voltage insulator. The general scheme for measuring electric field gradients is shown in
Figure 5.
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3. Results
3.1. Diagnostics by Electromagnetic and Acoustic Recording of PD

Figure 6 illustrates a flowchart of the measuring device, which helps to more precisely
understand the process of PD registration by the electromagnetic and acoustic methods.
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The object of the research is a high-voltage insulator and a measuring cell is installed
next to it [42]. Diagnostic data from the measuring cell is transmitted via a radio channel to
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the control room. A communication module is connected to the PC installed in the control
room via the USB interface. It receives the data obtained via the radio channel from the
measuring cell. Reliable communication between neighboring devices can be carried out at
up to 1000 m with the location of neighboring devices within the line of sight. It may be
used in case of failure of one or more devices since it is possible to transfer information
bypassing faulty links.

The layout of the measuring cell is as one shown in Figure 1. This measuring cell
is equipped with electromagnetic and ultrasonic antennas with corresponding receivers.
The communication module is connected via I2C, SPI, or UART/USART interfaces [39].
The communication module transmits the received data to the control room via a 2.4 GHz
radio channel.

The PC collects information, records it, and then processes information about the
amplitude, repetition rate, and phase of signals using the developed program by the
high-voltage polymer insulators contactless diagnostics method [42]. The accumulation of
signals over narrow phase intervals (about 20 deg.) occurs within 18 s, fully satisfying the
stochastic nature of the PD occurrence.

The PD signal processing ends with the characteristics display: the amplitude and
number of pulses in each phase interval and the distribution of the number of pulses by
amplitude. The results of data processing were presented in the following articles [45–47].

The obtained phase distribution of pulse parameters is compared with the previously
recorded distribution of pulse signal parameters for an identical (defect-free) VI [46]. Since
the propagation velocities of electromagnetic and acoustic pulses differ by several orders
of magnitude, a phase synchronization unit is used to synchronize them with each specific
phase interval (considering the distance between the defect and the sensors).

3.2. Diagnostics by Acoustic Recording of PD Using a Microphone Array

In a portable device (Figure 3), microphone arrays—four acoustic channels and one
electromagnetic channel—are used to localize the ultrasound source from the PD arising
on the insulation. At the same time, environmental parameters are monitored.

The microphone array consists of four piezoelectric receivers with a resonance fre-
quency of 41 kHz. The entire microphone array is enclosed in a metal housing to minimize
induced electromagnetic noise from high voltage equipment. Cross-correlation of sensor
signals is used to localize an acoustic source using a microphone array [33,36]. Figure 7
shows the amplified signals at each receiver for the same PD.
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The difference in arrival time for each pair of receivers, based on the results of cross-
correlation of signals for each pair of receivers of the microphone array, makes it possible
to reconstruct the coordinates of the acoustic radiation source—to localize the defect site
on the inspected high-voltage insulators. The use of an electromagnetic sensor is necessary
to register an electromagnetic pulse from a PD to confirm its occurrence.

The PD signal recorded by the EM sensor is shown in Figure 8.
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3.3. Diagnostics with an Electro-Optical Sensor

The recording high-intensity electric fields method is based on the electro-optical
effect [48–50]. The physical principle of electro-optical sensor operation is based on the
refractive index change of a laser beam passing through a periodic domain structure in
an electric field with an intensity E. This effect is called the “linear electro-optical effect”
or “Pockels effect”. The condition for the maximum reflection (or transmission) of a laser
wave with a length λ0 from the PDS is fulfilled with the equality:

λ0 = 2 n D (reflection), (1)

λ = (2 n + 1) D (refraction), (2)

where n—refractive index, and D—PDS period.
The shift of the resonant frequency of the PDS corresponds to the change in the

resonant wavelength:
λm = (λ0 − λE) = n3 r D E, (3)

where r—electro-optic coefficient, and λE—wavelength in an applied electric field.
Therefore, the maximum reflection coefficient R of the laser wave from the PDS

decreases with an increase in the resonant wavelength.
The change in reflection coefficient R could be represented as:

∆R = (dR/dE) E. (4)

This expression implies:
E = λm (n3 r D)−1, (5)

Therefore,
dR/dE = (dR/dλm) n3 r D (6)
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Figure 9 shows the value of the reflection coefficient R on the change in the resonant
wavelength. If the laser wavelength λm is adjusted to the middle of the slope of the spectral
reflectance curve corresponding to the value of Rmax/2, then the alternating electric field
will create a corresponding change in the reflectance (∆R). The use of an almost linear
segment dR/dλm makes it possible to determine the values of the field E on a linear scale.
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We performed diagnostics of the state of a group of real high-voltage polymer insu-
lators LK70/35, using the proposed method of remote contactless measurement of the
electric field strength. The experiments were carried out at the Department of Industrial
Electronics and Lighting Engineering stand (Kazan State Power Engineering University).
The condition of the insulators was checked by scanning with an electro-optical sensor
along the insulator shaft at a distance of 2.5 m.

During the experiments, several defective insulators with a damaged “core—end
connections” were identified. Several insulators were in a pre-defective state. Figure 10
shows the distribution of the electric field strength along with the sample for (a) defective
and (b) defect-free polymer insulators of the LK70/35 type. A slight increase in E near the
ends of both samples can be explained by the absence of special screens for equalizing the
field along the entire length.
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4. Discussion

In this chapter, the authors discuss the research results, hypotheses, and formulated
conclusions. Further areas of research are also determined.
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4.1. Electromagnetic and Acoustic Recording of PD Method

This paper presents the method that we developed for contactless remote diagnostics
of the HVI condition. The method provides contactless reception of pulse signals of partial
discharges by an electromagnetic receiver. Further, their indication is determined and
computer processing is performed in order to determine in each of the discrete intervals of
the phase voltage the average values of the number and intensity of partial charge pulses
that exceed the permissible threshold for the occurrence of defects or their development
in comparison with the reference isolator. Additionally, the distribution of the number of
partial discharges by intensity for the positive and negative half-periods of high voltage
is determined. The presence and type of the most dangerous defects is viewed by the
expansion of the phase intervals of radiation of partial discharges and a sharp increase in
the number of partial discharges in negative half-periods of high voltage in comparison
with positive half-periods.

In this case, the width and shape of single positive and negative pulses of partial dis-
charges are additionally determined, and the type and location of the defect are established
by their differences (increase in the width of the negative pulse).

Three diagnostic signs determine the type and location of the most dangerous for the
normal functioning of insulators:

• The significant broadening of the phase intervals of radiation of partial discharges;
• The sharp increase in the number of partial discharges in negative high voltage half-

periods in comparison with positive half-periods;
• The significant difference in the shape of single pulses of partial discharges for positive

and negative signals.

Determination of the number of pulses and PD intensity values (in charge units)
exceeding the permissible safe level during operation and the PD pulse shape for each type
of insulator is performed by comparison with similar characteristics of an insulator of the
same type, taken as a standard.

Complete measurements of PD characteristics by simultaneously using electromag-
netic and acoustic sensors in combination with visual inspection of HVI and subsequent
computer analysis of parameters made it possible to divide HVI by a set of the most
significant differences into a group that are workable versus a group that are inoperative.
Diagnostic signs that distinguish workable HVIs from inoperative ones that need to be
replaced are the following: the occurrence of PD with an intensity significantly (2–3 times)
higher than the safety threshold at the rated operating voltage; shift of phase intervals, in
which the intensity and number of PD pulses are greatest, towards smaller phase angles;
and an increase in the number of more powerful PDs in the total number of PDs during
phase intervals corresponding to the most powerful PDs.

Examples of the obtained generalized characteristics of PDs and overvoltage are
shown in Figure 11 and Table 1, which shows the parameters of the most intense PDs,
which are about 10% of the total PD in each phase interval. Workable includes HVI No. 1–5,
and inoperative—HVI No. 6–7. Between the groups, the phase shift of the radiation (∆ϕ)
is 20–30%, the increase in intensity (q) reaches 2–3 times, and the amount of PD increases
2–3 times. Differences in the values of PD parameters for the registration period of 10 min
did not exceed 2–3% for both sensors.

Both types of small defects are characterized by a narrow power radiation of intensity
PD, and they coincide for electromagnetic and acoustic sensors (Figure 11), but differ
in radiation parameters (in phase intervals and PD intensities, in pulse shapes, in the
degree of heating of a part of the HVI core). With an increase in the size of the “core—end
connections” defect, an increase in the phase intervals of the PD emission was observed,
more powerful PDs appeared, and the number of negative PDs increased in comparison
with positive PDs. At the same time, the heating of a part of the insulator core was observed
at a distance of about 10 cm near the end piece, by about 1–3 ◦C. According to the local
heating of the dielectric core and the shape of the PD characteristics, such defects were
classified as a “core—end connections” type defect.



Energies 2021, 14, 5670 10 of 15

Energies 2021, 14, x FOR PEER REVIEW 10 of 16 
 

 

and an increase in the number of more powerful PDs in the total number of PDs during 
phase intervals corresponding to the most powerful PDs. 

Examples of the obtained generalized characteristics of PDs and overvoltage are 
shown in Figure 11 and Table 1, which shows the parameters of the most intense PDs, 
which are about 10% of the total PD in each phase interval. Workable includes HVI No. 
1–5, and inoperative—HVI No. 6–7. Between the groups, the phase shift of the radiation 
(∆φ) is 20–30%, the increase in intensity (q) reaches 2–3 times, and the amount of PD in-
creases 2–3 times. Differences in the values of PD parameters for the registration period 
of 10 min did not exceed 2–3% for both sensors. 

 
Figure 11. PD parameters for HVI samples with small defects: 1—measurement by an electromag-
netic sensor, 2—measurement by an acoustic sensor, and 3—distribution of the number of PDs de-
pending on the intensity. 

Table 1. PD performance parameters for the polymer HVI series. 

HVI No. ∆φ q, pC N ∆φ q, pC N 
1 45–65 60 200 220–240 60 1600 
2 40–60 60 220 225–235 50 2000 
3 50–65 70 200 230–250 60 1900 
4 50–65 60 150 220–240 65 1000 
5 45–75 70 180 230–250 75 1700 
6 40–50 290 250 230–240 300 2600 
7 35–45 270 280 220–235 270 2550 

Both types of small defects are characterized by a narrow power radiation of intensity 
PD, and they coincide for electromagnetic and acoustic sensors (Figure 11), but differ in 
radiation parameters (in phase intervals and PD intensities, in pulse shapes, in the degree 
of heating of a part of the HVI core). With an increase in the size of the “core—end con-
nections” defect, an increase in the phase intervals of the PD emission was observed, more 
powerful PDs appeared, and the number of negative PDs increased in comparison with 
positive PDs. At the same time, the heating of a part of the insulator core was observed at 
a distance of about 10 cm near the end piece, by about 1–3 °C. According to the local heat-
ing of the dielectric core and the shape of the PD characteristics, such defects were classi-
fied as a “core—end connections” type defect.  

Figure 11. PD parameters for HVI samples with small defects: 1—measurement by an electromagnetic
sensor, 2—measurement by an acoustic sensor, and 3—distribution of the number of PDs depending
on the intensity.

Table 1. PD performance parameters for the polymer HVI series.

HVI No. ∆ϕ q, pC N ∆ϕ q, pC N

1 45–65 60 200 220–240 60 1600
2 40–60 60 220 225–235 50 2000
3 50–65 70 200 230–250 60 1900
4 50–65 60 150 220–240 65 1000
5 45–75 70 180 230–250 75 1700
6 40–50 290 250 230–240 300 2600
7 35–45 270 280 220–235 270 2550

4.2. Method for Determining a Faulty Isolator Using a Microphone Array

PD in HVI occurs on internal and surface defects [5]. PD generates a non-stationary
acoustic wave that occurs in the superheated gas channel, created by a partial discharge
current pulse and a PD is a point source of acoustic waves. To diagnose PD on internal
defects by the acoustic method, it is necessary to use a sensor that has an acoustic contact
with the insulator body, since almost complete reflection of the acoustic wave occurs at the
porcelain/polymer–air interface. When PD appears on a surface defect, the acoustic wave
propagates spherically, which makes it possible to register it contactless.

To localize an acoustic source from PD using a microphone array, cross-correlation
of sensor signals is used [25,33,36]. The spatial arrangement of the receivers with the
designations of their numbers is shown in Figure 12 (signal source—rS). Cross-correlation
is performed for the signals of the receiver pairs r1–r4 and r2–r3.

Cross-correlation function for receiver pair r1–r4

Rr1,r4(T) =
∞

∑
n=−∞

r1(n)r4(n + T) (7)

The sequence of the received signal of each receiver is divided into equal segments
from n-points. Sections with zero signal level are discarded, which significantly improves
the signal-to-noise ratio. The resulting value of the function Rr1,r4 (T) determines the level
of correlation between the output signals of the two sensors r1 and r4. A higher level of
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correlation means that the T argument is relatively close to the real time difference of the
signal arrival. For a pair of sensors r1–r4, the difference in arrival time is determined by
the ratio

T =
d· cos θ

c
(8)

where θ is the angle between the normal of the receivers r1–r4 and the incident sound, deg.
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For a pair of receivers r2–r3, cross-correlation of signals is performed in a similar way.
The difference in arrival time for each pair of receivers, based on the results of cross-

correlation of signals for each pair of receivers of the microphone array, makes it possible
to reconstruct the coordinates of the acoustic radiation source—to localize the defect site
on the inspected high-voltage insulators.

The intensity of the emitted acoustic wave is proportional to the energy released in the
discharge and the amplitude of the wave is proportional to the square root of the discharge
energy. The relationship between the amplitude of the acoustic wave and the magnitude of
the discharge is linear [31].

The intensity of the received signals makes it possible to judge the magnitude of the
PD and identify defective HVIs.

4.3. Electro-Optical Method

The combined method using electromagnetic and electro-optical sensors was tested
on a series of LC 70/35 type polymer insulators. During the research, the authors identified
the most common defects in HVI—these are damage to the core shell and damage to
the “core—end connections” contact. We identified a complex of characteristics of partial
discharges, which makes it possible to detect differences in the phase distribution of the
intensity and number of PD pulses for the investigated insulators (Figure 13). In addition,
we found that some of the characteristics had a distribution corresponding to the considered
defects in the form of cracks in model samples made of electrical porcelain or defects on
the surface of HVI cores.

PD on the «core—end connections» defects have special characteristics: the shift of
the radiation phase intervals, the expansion of these intervals, an increase in the number
and amplitude of discharges in negative voltage half-periods, as well as changes in their
shape. In this type of defect, the contact breakdown occurs in the air gap. In this case, the
breakdown of the contact consisting of an electrode, a gap and a core occurs in the air gap
due to the field component normal to the gap, by emitting electrons from the electrode
(cathode). As a result of electron bombardment of the surface of the dielectric core, an
induced charged ion field with a density of up to 10−6–10−5 C/cm is formed. During this
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time the field changes its sign by 180◦ when the phase of the applied voltage changes. The
intensity of the PD and the moment of occurrence are determined by the sign and the
strengths of the applied and induced fields. The sum of these fields exceeds the electric
breakdown field. According to our calculations and measurements, it was found that after
the transition of the applied field to the negative phase, a condition for summing both
fields occurs. This results in the generation of the most powerful PDs. In the case of a
difference between the applied and induced fields there is a decrease in the total field and
a tightening of the phase band of the PD radiation.
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The intensity of the PD depends on the area and width of the gap between end
connections and core. Due to long-term operation, these parameters are random and
uncontrolled. Therefore, the intensity and the number of phase-half-period asymmetric
PDs can be determined by the defect parameters. Due to electron-thermal processes,
accelerated aging and even damage to the dielectric occurs during long-term operation
of such a defective contact. As a result, this reduces the electrical strength of the high-
voltage insulator.

Due to the PD, the induced field also affects the PD characteristics, shifting the end
of the PD radiation intervals towards large phase angles. But the intensity and quantity
of PD do not change much, due to the fact that the processes of PD generation when the
sign of the applied voltage changes are symmetrical, since the induced field due to PD is
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smaller than the external applied field at small defect sizes. The difference in the shape of
the pulses of positive and negative PD is due to the fact that the positive PDs are created
by positive charges induced in the plasma of the air gap. Negative PD pulses are mainly
initiating by a faster flow of induced electrons.

The results of the performed survey of the working condition of the PD using the
developed two-channel method in the bench and field versions were presented. This
proved the ability to remotely diagnose the degree of efficiency of a PD in the conditions of
their operation and determine the type of the most dangerous defects and their location.
This has become feasible due to the addition of additional diagnostic features of remote
monitoring. The previously developed system could only distinguish between serviceable
HVI from defective ones. Additional diagnostic signs include: a significant expansion and
change in the phase intervals of PD radiation, an increase in the number and intensity of the
PD in negative high voltage half-periods compared to positive half-periods, a decrease in
the width of negative PD pulses, and the presence of large local gradients of electric fields.

5. Conclusions

Among the complex high-voltage electric power devices that require diagnostics
during operation, high-voltage insulators occupy a special place. Numerous HVI on
power transmission lines or electrical substations are subject to the complex effects of
strong electric fields, gradients of light and thermal fields, electrodynamic and mechanical
influences. All this creates conditions for the occurrence of defects, which inevitably leads
to various failures and even accidents in complex electric power systems.

The set of methods for remote diagnostics of the operating state of high-voltage
insulators has been developed. It is based on registration, transmission, and subsequent
computer processing of partial discharge signals detected by electromagnetic, acoustic,
and electro-optical sensors. In addition to them, visual control and troubleshooting of
high-voltage equipment at power facilities have been used. Thus, it can be stated that
the presented complex, including non-contact remote diagnostics of the state of high-
voltage insulators, using a photonic crystal as an electro-optical sensor, makes it possible to
determine the moment of occurrence of the insulators pre-defect state by identifying areas
with increased electric field strength. Measurement of the electric field strength gradients
in these areas makes it possible to determine the possible location of the defect’s formation
during operation.

Evaluating the results of studying the characteristics of the PD in the HVI under the
operating voltage, the following conclusions can be drawn. In contrast to the contact bench
method for testing insulation with high voltage [10], which is based on the principle of
measuring such PD characteristics as intensity, repetition rate and moment of occurrence
over a certain time interval (second), measurement of such characteristics with the contact-
less method is associated with large errors, depending on the distance between the sensor
and the HVI, and the influence of climatic and external interference.

The most important and reliable PD characteristics for non-contact monitoring of the
operating state of polymer HVIs are changes in the phase intervals corresponding to the
most powerful PDs, the intensity and repetition rate, in comparison with defect-free HVIs
of the same type.

An increase in the measurement accuracy corresponds to the simultaneous use of
several methods: acoustic and thermal imaging, electromagnetic and acoustic, as well as an
additional optical method, with the accumulation of PD signals with subsequent computer
signal processing.

A diagnostic forecast for the further period of the working state of positive HVI is
possible by assessing the change in the phase angles of the onset of PD, the number of PDs
and the intensity of the most powerful PD pulses over a long period (at least one hour) of
high voltage exposure.
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The results obtained during experimental studies confirm the industrial applicability
possibility of the proposed method for contactless remote diagnostics of the state of high-
voltage insulators under operating voltage.
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