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experimental studies, it was found that in the screening
zone, the MF generated by these TL has a negligible
polarization, which makes it possible to construct a
single-circuit ASS with one compensation winding. It
should be noted that such systems have become most
widespread in the world practice [3-7].

Fig. 6 shows the lines of equal level of the magnetic
flux density module: @) of the initial MF created by
several TL and b) with the active screening system turned
on. The initial flux density of the MF in the residential
space under consideration is 1.8 uT which is 3.6 times
higher than the sanitary norms of 0.5 pT [1]. When the
active screening system is turned on, the flux density level
of the MF does not exceed 0.4 uT.
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Fig. 6. Flux density distribution: a) of the initial MF created by
several TL and b) of the MF with the ASS turned on

Fig. 7 shows the STC of the MF created: / — by
several TL; 2 — by compensating winding and 3 — total
MF with the system turned on. As can be seen from this
figure, in the space under consideration, the initial MF
created by several TL has a negligible polarization, so
that its STC represents a strongly elongated ellipse, and
the ellipse coefficient (ratio of the smaller semi-axis of
the ellipse to the larger semi-axis) is about 0.4, that is
confirmed by experimental research. Naturally, such a
MF can be effectively compensated with a single-circuit
ASS. With the help of one winding, the lager semi-axis
of the STC ellipse of the original MF is compensated, so
that the STC of the resultant MF remaining after the
operation of the ASS is an ellipse with an ellipse
coefficient equal to 0.8.

In conclusion, we note that the calculated screening
efficiency of the synthesized ASS in a residential zone
has been experimentally confirmed in the field on its full-
scale model and is more than four.

Fig. 7. Space-time characteristics of the flux density vector
of MF created: / — by TL; 2 — by compensating winding
and 3 — of total MF with ASS turned on

Conclusions.

1. Methods for the synthesis of active screening
systems of the MF generated by several TL on the base of
multicriteria approach and methods for constructing a
mathematical model of the MF generated by several TL
based on the experimental values of the flux density of the
MF at given points of space, based on solving the
optimization problem, have been further developed.

2.0n the basis of the proposed methods, a single-
circuit active screening system for the MF created by
several overhead TL in a residential zone was first
synthesized.

3. The possibility of a significant (by 4 or more time)
reduction of the flux density of the MF with the help of a
synthesized single-circuit screening system and achieving
the sanitary standards for the MF in the residential zone
located near the TL group is shown.
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M.1. Baranov

NEW HYPOTHESIS AND ELECTROPHYSICS NATURE OF ADDITIONAL
MECHANISMS OF ORIGIN, ACCUMULATION AND DIVISION OF ELECTRIC
CHARGES IN THE ATMOSPHERIC CLOUDS OF EARTH

Purpose. Development of new hypothesis about the possible additional mechanisms of origin, accumulation and division of
electric charges in atmospheric clouds, containing shallow dispersible drops of water, shallow particulate dielectric matters
and crystals of ice. Methodology. Electrophysics bases of technique of high voltage, theoretical bases of the electrical
engineering, theoretical electrophysics, theory of the electromagnetic field, technique of the high electric and magnetic
fields. Results. Pulled out and grounded new scientific supposition, related to possible existence in earthly troposphere of
additional mechanisms of origin, accumulation and division of electric charges in the atmospheric clouds of Earth, being
based on electrization in the warm ascending currents of air of shallow round particulate dielectric matters, getting in an
air atmosphere from a terrene and from the smoke extras of industrial enterprises. By a calculation a way it is shown that
the offered additional electrophysics mechanisms are able to provide achievement in the atmospheric clouds of such values
of volume closeness of charges, total electric charge and tension of the electrostatic field stocked in them inwardly and on
the external border of storm clouds which correspond modern experimental information from an area atmospheric
electricity. The calculation estimations of levels of electric potential and stocked electric energy executed on the basis of
the offered hypothesis in storm clouds specify on possibility of receipt in them of ever higher electric potentials and large
supplies of electric energy. The obtained results are supplemented by the known approaches of forming and development in
earthly troposphere of the electric charged atmospheric clouds, being based on electrization in the warm ascending streams
of air the masses of shallow round aquatic drops. Originality. First on the basis of the well-known theses of technique and
electrophysics of high voltage the important role of shallow round particulate dielectric matters, electrifiable in the warm
ascending currents of air of troposphere is scientifically grounded, in the processes of origin, accumulation and division of
electric charges in the stratified-rain, heap rain and storm clouds of Earth. Practical value. Application of in practice
findings will allow to deepen scientific and technical knowledge of humanity in area of nature of atmospheric electricity,
will be instrumental in further development of physics of linear lightning, decision of global problem of lightning
protection of earthly technosphere, and also development of the specified approaches at description of the scantily explored
people electrophysics phenomena and theories of thunderstorm at sandy storms in the numerous deserts of the world and
powerful smoke eruptions of volcanoes on Earth. References 13, figures 2.

Key words: atmospheric electricity, new mechanisms of origin, accumulation and division of electric charges in atmospheric
clouds, hypothesis, calculation, experimental data.

Buiosunymo noeoe nayunoe npeononodxcenue, C6A3AHHOE C GOIMOMNCHOCHILIO CYULECHEOBAHUA OONOIHUMENLHBIX
MEXAHU3MO08 603HUKHOGEHUA, HAKONIEHUA U paA3oeneHus INEeKmpuieckux 3apaodoe 6 CHOUCMO-00XHCOe8blX, Kyueeo-
0031c0€e8bIX U 2P0306bIX ammocpepHuvix odnaxax, gopmupyemvix 6 mponocepe naanemvt 3emns. B ocmogy Hosoil
2UnOme3bl NONOMNCEHL INeKmpoduszuuecKkue npoyeccyl 6 6030yuiHoll ammocghepe, 6asupyroujueca Ha RPUCYMCIMEUL 6 Heill
INEKMPUZYEMBLX 6 MENIBIX 60CXO0AULUX 6030YULHBIX NOMOKAX MENKUX MEEPObIX OUINEKMPUUECKUX Yacmuy cdhepuueckoii
dopmel, umerouux 06veMHYI0 RIOMHOCHb RO ROPAOKY 6eAUYUHBL PAGHYI0 00bEMHOI NIOMHOCHU 8 AmMMOchepe MeaKux
600anbIX Kanens. Ilymem pacuemnulx oyeHoK 000CHOBAHHO NOKA3AHO, YMO npednazaemble OONOIHUMENbHbIE MEXAHUIMbL
dopmuposanua u pazeumus ammocepuvix 001aK06 CROCOOHBL 0decneyusamsy OOCMUNCEHUE 8 HUX IKCHEPUMEHMATbHO
nOOMBEPHCOEHHBIX YPOGHEl 00beMHOU RIOMHOCHMU O00AUHBIX 3PA00E, CYMMAPHOZ0 3ANACAEMOZ0 IIEKMPUYECKOZ0
3apada u nanpadygceHHocmu nekmpuueckozo nons. Ilonyuennsvie pesynomamer 6yoym cnocobcmeogams OanvHeiiuiemy
Pazsumuio npupoobl ammochepnozo IneKmpuuecmed, QuU3UKU AUHEHHOU MOIHUU U PeleHUI0 2100an1bHOll NPOoOIeMbl
MOTHUEe3auUmMBbl 3¢ MHOI mexunocgepwt. buoin. 13, puc. 2.

Kniouesvie cnosa: armocepHoe 3JeKTPUYECTBO, HOBbIE€ MEXaHHM3Mbl BO3HHKHOBEHMS, HAKOIUICHHS M pa3JeseHus
3JIEKTPHYECKHUX 3aPS/I0B B aTMOC(EpPHBIX 00J1aKaX, THIIOTE3a, PACYeT, IKCIePHMEHTAJIbHbIE TaHHbIE.

Introduction. Despite the great progress achieved
so far in unraveling the secrets of the origin of
atmospheric electricity, which are rooted in the
fundamental scientific ideas and pioneer works of the
18th century by the outstanding physicists of the world
— the Russian M.V. Lomonosov [1] and the American
B. Franklin [2] in this field of human knowledge,
according to the authoritative electrophysics of our
time, electrophysical processes associated with the
formation and development of thunderclouds in the

Earth atmosphere can not be considered as reliably
described and finally studied [3]. It should be noted
that under the atmospheric cloud is meant the
accumulation of small water droplets (supersaturated
water vapor), small ice crystals and small solid
particles raised up from the surface of the earth and
from the smoke emission zones of operating industrial
enterprises (for example, powerful thermal power
stations) into the troposphere the lower part of the

© M.I. Baranov
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terrestrial atmosphere up to 11 km high in temperate
latitudes, which contains 4/5 of the entire mass of the
atmosphere, almost all the water vapor and clouds
develop [4]) by warm ascending air currents [3]. As for
the concept of an atmospheric lightning cloud, it
becomes one of a cumulonimbus cloud in the
fulfillment of a number of critical conditions
formulated in [3]. It is known that the above processes
include [3]: various mechanisms of electrization of
liquid and solid particles of clouds; the processes of
generation, existence, accumulation and separation of
electric charges in a large-scale cloud region with
inhomogeneous local temperature and velocity
regimes; processes of formation of electric fields in the
fine-dispersed medium of clouds; electric discharge
phenomena in thunderclouds and the surrounding air
atmosphere, which significantly affect the functioning
of the electronics of technical means, the human
habitat and its vital activity. Without studying these
scientific processes that are difficult from the scientific
point of view, characteristic for all territories of our
planet, further development of physics of lightning,
lightning protection and understanding of the role of
charged clouds in the global electric circuit of the
Earth is impossible.

It should be noted that since the establishment of
the electrical nature of linear lightning (a long spark
discharge in the air atmosphere [5-8]), about 80
theories have been proposed in the world [3],
describing this global natural phenomenon in one or
another approximation. Nevertheless, today there is not
a single theory of this complex electrophysical
phenomenon, which reliably  explains many
experimental data known to observing specialists.
Therefore, further development and improvement of
not only these theories, but also individual moments, as
well as mechanisms in describing the course of these
processes in the atmospheric storm cloud, are urgent
scientific problems in the world.

According to [3, 7, 8], the main attention of
electrophysicists when considering the initial stage of
charge formation in the clouds was turned to the
electrification of shallow water droplets in the warm
ascending air currents of the atmosphere. For reasons
unknown to the author, small solid particles moving in
the above air streams were simply forgotten. But they,
like water droplets, are capable of electrifying in
ascending air currents and further participation in the
processes of accumulation and separation of electric
charges in atmospheric storm clouds. The natural
processes of active -electrification of small solid
particles in warm airflows are clearly evidenced by the
often observed thunderstorms occurring during
sandstorms in the deserts of the world and powerful
eruptions of volcanoes on the Earth (Fig. 1) [9]. In the
author’s opinion, only an integrated and multifaceted
approach to the problem of the origin of atmospheric
electricity can help to solve it.

The goal of the paper is the development of a
new hypothesis on possible additional mechanisms for
the formation, accumulation and separation of electric
charges in atmospheric clouds containing finely
dispersed water droplets, small solid dielectric
particles, and ice crystals. Let us emphasize that the
term «hypothesis» used is derived from the Greek word
«hypothesis» — «assumption» [4] and in the case under
consideration is a scientific suggestion made to explain
these electrophysical processes in an atmospheric
cloud.

Fig. 1. General view of lightning discharges occurring in the
volcanic hot smoke zone of an eruption containing fine solids in
the ashes [9]

1. Problem definition. Let us consider the large-
scale region of the air atmosphere (troposphere) of the
Earth in the warm spring-summer period of the year, in
which formation of stratus-rain, cumulonimbus and
storm clouds is possible. To this end, we believe that in
this area there are: firstly, water vapor and small drops
of water; second, small solid dielectric particles (for
example, silica — quartz); third, the ascending warm
and descending cold air currents; fourth, small ice
crystals in the form of snowflakes and granules.
Possible mechanisms of electrification in the
considered region of the earth's atmosphere of small
drops of water are considered in detail in [3, 7]. In this
paper, the main emphasis will be placed on the possible
role of these solid particles in the formation,
accumulation and separation of electrical charges of
both polarities, initially in a cumulonimbus cloud, and
then in a thunderstorm cloud. To this end, we assume
that the small solid particles moving in the warm
ascending air stream have the form of a sphere of
radius rop. We assume that the average concentration
(density) of these solid particles in the atmospheric air
is N,. Calculated estimates of the electrization
processes of the solid dielectric particles under
consideration and the accumulation of a volume
electric charge with them in the atmospheric
cumulonimbus cloud can be performed for the case of
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normal atmospheric conditions (air pressure is
1,013-10° Pa, and its absolute temperature 7 is 273.15
K [10]). These conditions are close to the lower
boundary of the level of the isotherm, in the zone of
which cloud charges begin to be created [3]. It is
required, in the approximation considered, to consider
possible additional mechanisms for the formation,
accumulation and separation of electric charges in the
cumulonimbus and then in a thunderstorm cloud, due
to the presence of these solid dielectric particles
moving in the warm upward airflow.

2. Calculation estimation of the process of
electrification of solid particles in an ascending
warm air stream. The results of the studies presented
in [3, 7] indicate that the processes of electrification in
the air atmosphere of our planet have a bipolar nature.
In addition, according to the data of [3], the ionic
mechanism of electrization of cloudy particles is
characteristic for the initial stage of cloud development
in the terrestrial atmosphere. The contact mechanism of
particle electrification is the main mechanism leading
to the appearance of unipolarly charged regions in
atmospheric clouds. The mechanism of electrification
of particles in an external electric field can
substantially =~ manifest itself in  atmospheric
cumulonimbus and storm clouds. Proceeding from the
results of the influence of these mechanisms of
electrization of cloud particles, described in detail in
[3, 7], on the finely dispersed dielectric inclusions of a
spherical shape moving in the ascending heat, we limit
ourselves to the case where the received solid particle
of radius ry, received a free electric charge ¢, of
negative polarity, uniformly distributed over its outer
spherical surface. We assume that the negatively
charged particle of radius r,, when moving in an
ascending warm air flow, is capable of pulling
polarized water molecules radially oriented along this
field due to the action of its own radial electric field to
its outer spherical surface (Fig. 2). As a result, a solid
spherical particle with a charge q0 will be surrounded
from the outside by a cluster (micro-cloud) of water
vapor and, accordingly, covered with a thin water film.
Such a state of the investigated charged solid particle
of radius r0 will not contradict any of the known
physical positions.

And, as in a charged water spherical droplet [3],
the outer part of the «particle — water film» system will
also have a negative electric charge, but not free, but
bound (see Fig. 2). At the molecular level, the electric
charges of each water dipole of this system are bound
and held intramolecular Coulomb forces [10].
Therefore, there is no neutralization of the free charge
qo of a solid dielectric particle of radius ry due to the
presence of electrically neutral molecules near the
water. In accordance with the fundamental principles
of electrophysics, a double electric layer (DEL) of
thickness 4, (see Fig. 2) between the electrons of a
solid particle of radius r, and the first layer of

molecular dipoles of water will form on the inner
boundary of the «particle — water film» system. The
associated positive charge ¢. of each such molecular
dipole of water in the DEL zone will be 10¢,, where
€p=1.602-10""° C is the module of the electric charge of
the electron [10]. It is known that the thickness 4, of
the DEL in the resulting «particle — water film» system
will be determined in the form [10]:

22 [, , J172
Ae = EOkTO /(anJr) =10 SokTo /(}’loeo) . (1)

where &, = 8.854:10" F/m is the electrical constant;
k = 1.3810% J/K is the Boltzmann constant; ng is the
concentration (density) of molecular dipoles of water.

Ae

Fig. 2. Simplified view of a negatively charged solid spherical
particle surrounded by electrically neutral polarized water
molecules (1 is a solid particle, 2 is a molecular dipole of water,
and 3 is an electron)

In the case when the molecular dipoles of water
suspended in the atmospheric vacuum satisfy the state
of an ideal gas, their density n, under the normal
atmospheric conditions used in the first approximation
can be taken equal to the Loschmidt number
numerically equal to N,=2.68:10"> m~ [10] . Then it
follows from (1) at T,=273.15 K, n,=2.68:10* m and
the above-mentioned world constants (g, k£ and e;) that
4,~0.22:10""" m that even a rough numerical estimation
of the thickness 4, of the DEL in the system «particle —
water film» does not go beyond the reasonable values
commensurate with the radius of the atom of a solid
dielectric particle [10]. In addition, we note that the
Debye shielding radius (length) A4 is the same as for a
low-temperature plasma containing electrons, ions and
neutral atoms (molecules), and a solid-state «metal
plasmay (an electrically neutral substance consisting of
a negatively charged «electron gas» and ionized
positively charged metal atoms) corresponds in order
of magnitude to the value of 4, found [10, 11]. In order
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to be more convincing in the correctness of the
estimated estimate 4, by (1), we indicate that the
Debye radius 4p characterizes the distance (linear
dimension) at which the Coulomb field of any charge
of the plasma is screened by a charge of the opposite
sign. It is precisely this situation that is observed in the
indicated DEL of the «particle — water film» system
under investigation (see Fig. 2).

Now, wusing the «particle — water film»
electrostatic system formed in an ascending warm air
stream with its DEL, it is possible to return to the
estimated evaluation of the negative electric charge ¢,
that appears on the outer spherical surface of a moving
solid dielectric particle of radius 7y, due to its
electrification in the air atmosphere. Applying the
provisions of the well-known theory of DES [3, 10],
for the electric charge g, of a solid particle in the
«particle — water film» system, we find:

qo = 47mEgroPo » 2

where ¢ is the Helmholtz electrokinetic potential of (in
the case of pure water in the electrostatic system being
considered, o= 0.25 V [3]).

It can be seen from (2) that for the calculated
estimation of the charge g, on the outer surface of the
earth's atmosphere of the solid dielectric particle,
which is electrified in the ascending heat, it is
necessary to specify the numerical value of its radius
ro. According to [3], in the layered rain and
cumulonimbus clouds, solid particles with a radius r
of (5-10) um can be present. At 7¢=10-10° m and
»0=0.25 V, we obtain from (2) that the charge of
electrification of a solid dielectric particle in an
ascending warm air atmospheric flow is numerically
equal to approximately ¢¢~2.78:107'° C. Such a value
of the negative electric charge gy of solid dielectric
particles of radius 7¢=10 pm is in good agreement with
the data given in [3] and typical for the contact
mechanism of the charge of drops of pure water in the
ascending warm air stream of the Earth atmosphere.
Assuming that in the first approximation the volume
density N, of solid dielectric particles in the
atmospheric cloud is of the order of magnitude of the
concentration of water droplets in it and is numerically
about 10° m™ [3], for the volume density oy of the
electric charge in a thundercloud due to the presence in
it electrified solid dielectric particles of radius ry, we
use the following calculation relation:

oy =qoNo - (3)
From (3) for ¢¢=2.78:10'® C and Ny=10* m it
follows that in the case wunder consideration

,~2.78-10®° C/m>. This numerical value &, obtained
with allowance for (2) and (3) corresponds to the
experimental data for the mean value of the space
charge density in a thunderstorm cloud [3, 7]. For
example, with an average overall size of a
thunderstorm cloud of 1 km x 1 km x 4 km (horizontal

dimensions and size in height) and its corresponding
volume Vy=4-10° m>, the specified value ,~=2.78-10%
C/m’® causes appearance in the given cloud of the total
electric charge gz~o,Vy, by modulus equals about 111
C. This charge indicator ¢s correlates well with known
probabilistic experimental data characterizing the
electric power of such a cloud [3, 5-7].

From (2), for the surface density o of a charge on a
solid dielectric particle of radius rowhich is electrified in
the air atmosphere, we have:

a5 =do /(4m5) = 07 9y - @)
At 74=10-10° m u ¢,=0.25 V, we find from (4)
that the value of og for a solid spherical dielectric
particle under study assumes a numerical value equal
to approximately 2.21-107 C/m’. Note that this
calculated value of og is almost two orders of
magnitude higher than the average surface density of
the negative charge of the planet Earth, which is about
10 C/m?* [3]. Taking into account (4) and [10], for the
intensity E, of the electrostatic field near the surface of
a solid dielectric particle of radius r, that is electrified
in the warm ascending air stream of the Earth, we find:

E0=0'5/80=(00/V0. (5)

From (5), at ¢o = 0.25 V for a solid dielectric
particle of radius 7¢~10-10° m which has undergone
atmospheric electrification, we find that near its
negatively charged spherical surface, the electrostatic
field strength E, can be numerically equal to
approximately 25 kV/m. It is likely that such an
electric field is capable of pulling the dipoles of
polarized water molecules to the surface of the particle
under study. With regard to the mean electric field
strength in layered rain and cumulonimbus clouds,
according to direct experimental measurements by
flying directly in the clouds of the electrophysical
laboratory, it can reach the level (20-30) kV/m in the
pre-threat period (before the transition of these clouds
into thunderstorms) [3, 7]. These data may indicate the
validity of the estimated estimate from (5) of the value
of E, near the particle to the formation of a «particle —
water film» system.

The probable numerical values of the intensity E, of
the electrostatic field in the DEL zone of the «particle —
water film» system can be approximately determined
from the following calculated expression:

Eez(pO/Ae‘ (6)

Then from (6) at ¢,=0.25 V and A,~0.22:10"" m,
which follows from the approximate calculation by (1)
with the accepted initial data (7,=273.15 K;
n¢~2.68:10 m [10]), it follows that in the zone of the
DEL under consideration the intensity E, of the
electrostatic field will reach a huge numerical value of
about 1.13-10' V/m. This level of E, indicates that an
extremely high electric field arises in the zone of the
DEL of the «particle — water film» system under
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investigation, which determines the electric energy W,
accumulating by the atmospheric thunder cloud.

3. Phenomenological description of the
processes of accumulation and separation of electric
charges in an atmospheric cloud with solid
particles. Raised in the terrestrial troposphere by an
ascending warm air flow, charged solid dielectric
particles of radius 7y shielded from the outside by a
protective thin water film and simultaneously forming
a DEL with its superhigh electrostatic field will
contribute to the volumetric accumulation of electric
charges in the stratified rain and cumulonimbus clouds
under consideration with their volumetric density oy. In
the author’s opinion, in the absence of the protective
electrically neutral microspectra surrounding them
from the molecular dipoles of water in the absence of
charged particles with the same name, physical
difficulties in their directed concentrated collection in
the troposphere are possible. One of their
manifestations may be premature intra-cloud electric
discharges (as in volcanic smoke eruptions), leading to
partial neutralization of electrification charges for
small solid particles. This circumstance will also be
facilitated by the fact that, taking into account the
previously noted bipolar character of the electrization
of solid dielectric particles in the air atmosphere [3],
large-scale regions with excessive negative (with an
excess of electrons) and positive (with a lack of
electrons) by electric charges. On the one hand, it is
known from the theory and practice of atmospheric
electricity that the upper part of these clouds is in the
zone of action of low isotherms (up to —40 °C) [3, 7].
Naturally, in this part of the clouds under
consideration, there will be processes of water
crystallization (including a thin water film covering a
charged solid dielectric particle). And if this is so, then
this freezing water film will collapse (due to its
volumetric expansion during the crystallization
process) (almost explode, like the freezing drop of
water [3]) and leave the outer surface of a solid
dielectric particle that previously had an excessive
negative electric charge go. On the other hand, it is also
known from the theory and practice of atmospheric
electricity that ice crystals formed of electrically
neutral pure water with its molecular polarized dipoles
(including a thin water film covering the investigated
charged solid dielectric particle) have a negative
electrical potential and, accordingly, excess negative
charge (excess of electrons) with respect to water
(Workman-Reynolds effect) [3, 10]. On the appearance
of this electrical potential, when a liquid and solid
phase of a substance is transformed in the freezing
water, the upper layers of the troposphere perform
certain work. Proceeding from the fundamental law of
nature on the conservation of electric charge [10], it
can reasonably be assumed that in the described
process of separation of electric charges in the upper

supercooled part of the atmospheric cloud, the example
of one electrostatic system «particle — water film» is
the spherical surface of a solid dielectric particle
released from the water film remains negatively
charged with charge ¢¢. All this together (the
disappearance of the negative charge q0 from the
charged solid particle and the presence of the negative
charge ¢qo on this particle, and the presence of
negatively charged snowflakes and granules due to the
crystallization of water vapor in the supercooled part of
the cloud) will contribute to an increase in the electric
field strength in considered part of the atmospheric
cloud.

From applied electrophysics, connected with the
study of atmospheric electricity, it is known that at the
stage of transition of the cumulonimbus cloud to the
thundercloud in its middle and lower parts processes
must actively occur, accompanied by the movement of
warm ascending and cold descending air masses, as
well as the presence of precipitation of rainfall [3]. It is
under these conditions that there is a significant
increase in the intensity of the electric field inside the
thunderstorm cloud, reaching a level of about 0.4
MV/m and more [3], at which it is possible to develop
electric discharge processes both inside and outside the
cloud, including of the earth's surface. Considered
within the framework of the proposed hypothesis on
the nature of additional mechanisms for the
development of electrophysical processes in
atmospheric clouds, the electrostatic system «particle —
water film» can justify physically the significant
increase in the electric field strength inside and outside
the thunderstorm cloud in the case of active release of
accumulated moisture vapor in it precipitation from it
rainfall. It is in this case that there is a violation of the
screening of charged solid dielectric particles by the
dipole layers of water vapor (a kind of screening of the
electric field of these particles), which carry an excess
charge of the cloud gy and provide, with the average
volumetric density oy, over the atmospheric cloud, in
their totality, the formation of the electrostatic field of
a thunderstorm cloud.

4. Calculation estimation of the electric field
strength inside and outside the thunderstorm cloud
with solid particles. For this ion let us use a simplified
computational model of a thunderstorm cloud having
the form of a sphere of radius R, inside which are
uniformly distributed with volume density ¢,~2.78-10™
C/m® electric charges ¢,~2.78:10'® C of individual
little solid dielectric particles with radius 7¢=10-10 m.
We assume that the total electric charge of these
particles gz=111 C, as in section 2, is concentrated in a
thunderstorm cloud with the volume Vy=47R,’/3=4-10°
m’ and corresponding to a radius of approximately
Ry=985 m. Proceeding from the application of the
Ostrogradsky-Gauss theorem [10], for the intensity E,
of the electrostatic field inside the assumed
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computational model of a thunderstorm cloud of
spherical shape at the current value of the radius r<R,,
we find:

E, = qyr /(47)Ry) (7)

From (7) at Ry=985 m, r=R(/2=492.5 m and
gs=111 C, we obtain that in the investigated case
E~0.514 MV/m. It can be seen that within a
thunderstorm cloud containing solid precipitates of
electrically neutral water vapor (films) previously
electrified in a warm ascending air stream, solid
dielectric particles of radius ry=10 pum with their
volume density Ny=10® m™ in the Earth atmosphere, it
is possible to reach critical values of the strength E, of
the electrostatic field, which are characteristic in
accordance with [3, 7] for electric discharge processes
in the investigated clouds.

For the strength Er of the electrostatic field at the
outer boundary (r=R;) of the calculated storm cloud
model from the theory of electrostatics, we have:

Eg = g3 ((4moR3) . ®)

Substituting in (8) the accepted initial data
(gz=111 C; Ry=985 m), for the required electric field
strength Er on the outer boundary (edge) of the
considered thunderstorm cloud model, we obtain a
numerical value equal to approximately 1.03 MV/m.
The quantitative calculation data for £ obtained with
the help of (8) and proposed additional mechanisms for
the formation and flow of electrophysical processes in
atmospheric clouds, indicate the possibility of
development from the outer boundary of the described
model of a thundercloud of avalanche clouds [3] which
are a precursor of a spark breakdown in an atmosphere
of a long air gap (lightning).

5. Calculation estimation of the electric
potential of a thunderstorm cloud with solid
particles. It is known from electrostatics that the
electric potential ¢ outside the considered simplified
computational model of a thunderstorm cloud of
spherical shape (for r>R,) with the total electric charge
gs containing uniformly distributed over its volume ¢,
small fine particles, can be calculated by the following
approximate formula [12 ]:

PR =4qs [(47Egr) . ©)

From (9) at r = Ry = 985 m and gz = 111 C we
find that on the outer edge of the lightning cloud under
study, ¢=1.01-10° V. It is possible that due to the
geometric shape of the calculated region of the
thunderstorm cloud and the quantitative of the
volumetric density N, in it of solid dielectric particles
of the order of 10° m™, the numerical values of the
electric potential ¢ according to (9) are too high.
Thus, according to [13], the difference in electrical
potentials between a thundercloud and earth can reach
a level of about 100 MV. Assuming in the estimated
calculations for (3) the volumetric density oy of the

electric charge for the lightning cloud under
consideration Vy=4-10° m’ (Ry=985 m) and its total
electric charge gy, No=10” m™ (an order of magnitude
less than the possible volumetric density in an
atmospheric cloud of shallow water droplets), it is easy
to come according to (9) to the calculated level of the
electric potential of a thunderstorm cloud, ¢z~101 MV,
practically indicated in [13]. This value of ¢z appears
to the author more plausible for the storm cloud under
study. Such a corrected value of Nywill cause,
respectively, a tenfold drop in the previously given
electrophysical characteristics for the cloud as oy, gs,
E, and E;. In this case, the proposed electrophysical
mechanisms for the formation and development of a
thundercloud in the terrestrial troposphere are in fact
additional to the known mechanisms for the
accumulation of electric charges in it, based on the
atmospheric electrization of shallow water droplets in
warm ascending air currents. Nevertheless, the
estimated calculation values of ¢@p obtained above
indicate that small (7y=~10 pum) solid dielectric particles
electrified in the warm ascending air flow with a
volume density of the order of Ny=~(10’—10%) m™ and a
charge of ¢y=2.78:10'°® C, due to the impressive
volume of a thunderstorm cloud (of the order of 4-10°
m’) are due to the processes of heat exchange in the
atmosphere, the fulfillment of the laws of
thermodynamics, which lead to the appearance in the
terrestrial troposphere of large zones of various
pressures and the movement of huge air mass, forms a
quite extended atmospheric electrically charged cloud
region carrying ultra high electrical potential and
causing the development of lightning.

6. Calculation estimation of the electrical energy
stored by a thunderstorm cloud with solid particles.
We carry out this estimate proceeding from the
assumption that the electric energy W, of the atmospheric
cumulonimbus cloud, before its transition to the stage of a
thunderstorm cloud, is stored only in a large number of
the electrostatic systems «particle — water film» that we
are studying. In this connection, an approximate
calculation of the value of W, for a given volumetric
density N, of the electrostatic systems under consideration
in a pre-threat cloud with a total volume V, will be
reduced to the determination of the electric energy W,
concentrated in their one DEL with thickness 4,. For W,
we can write the following approximate calculation
expression:

Weo = 27800315 /A

(10)

Then from (10) at ¢,=0.25 V, r¢=10-10°® m and
4~0.22-10"° m we find that in one electrostatic system of
spherical form a «particle — water film» (in its DEL with
superhigh electric field) the electrical energy of about
W,~1.58:10"" J is stored. Taking into account (10), for
the volume density W, of electrical energy in a pre-threat
cloud with small solid dielectric particles of radius 7,
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electrified in the warm ascending air flow of the
atmosphere, we have:

Wey =WeoNo - (1D

From (11) at W,=1.58-10"" J and Ny=10'm™ it
follows that in a thunderstorm cloud with small (radius
r¢=10 pum) solid charged by atmospheric electrification
with dielectric particles, volume density W, of electric
energy, numerically equal to about 1.58:10* J/m’. As a
result, for the electric energy W, stored in the storm cloud
under study with a total volume V,, we can write the
following calculation relation:

We=WeyVo. (12)

At W,y = 1.58-10" J/m’ and Vy=4-10° m’ from
(12) we find that in a thundercloud of a given size,
during the formation of which, new additional
mechanisms for the formation, accumulation and
separation of electric charges in atmospheric clouds,
the electrical energy W, can accumulate, which in
numerical terms reaches the value of 0.632 MJ. This
value of W, is relatively small. Here it should be
emphasized that in the calculation estimation of W,, we
did not take into account the electric charges with their
energy, formed in a thundercloud cloud with the known
processes of electrization of shallow water droplets and
crystallization of cloudy water vapor [3]. At the
initially accepted volumetric density in a cloud of
small solid particles Ny=10° m™>, the stored electric
energy W, in this spherical model of a thunderstorm
cloud (Vy=4-10° m?), taking into account the proposed
hypothesis, will be numerically about 6.32 MJ.

Conclusions.

1. A new hypothesis is presented with the scientific
justification for the possible existence of additional
mechanisms for the formation, accumulation and
separation of electric charges in the atmospheric clouds
of our planet based on the electrization in warm
ascending air currents of small round solid dielectric
particles of radius 7y falling into the air atmosphere
from the Earth surface and from the smoke emissions
of industrial enterprises in most countries of the world.

2. It has been shown by calculation that the proposed
additional mechanisms for the formation, accumulation
and separation of electric charges in atmospheric
stratified rain, cumulonimbus and storm clouds are
capable of achieving in these types of clouds the values
of the volumetric density of o), of charges, the total
electric charge stored in them ¢y and the E, and Ej
strengths of the electrostatic field inside and on the
outer boundary of similar clouds that correspond to the
current experimental data from the atmospheric
electricity.

3.Carried out taking into account the proposed
hypothesis calculation estimations of the electric
potential @z in the spherical model of an atmospheric
thundercloud with outer radius Ry=~985 m and stored in
it electrical energy W, indicate that the atmospheric

electrization of small fine solid particles with radius
r¢=10 pm with their volumetric density Ny=10" m™ in
such a cloud is capable of providing an extremely high
value of the electric potential gz (up to 1.01:10* V) on
it and the accumulation in it of a very high electric
energy W, (up to 0.632:10° J). At Ny=10° m~, the
values considered are, respectively, 1.01-10° V and
6.32-10°J.

4. The considered electrophysical processes and new
additional ~mechanisms of the formation and
accumulation of electric charges in atmospheric clouds
can be useful in constructing a thunderstorm theory in
natural fine-dispersed media with fine solid particles
charged by contact electrization, characteristic of
sandstorms and volcanic smoke eruptions, when in
them the volumetric density N, of small solid dielectric
particles is not less than 10° m™.

5.The proposed new additional electrophysical
mechanisms for the formation of electric charges in the
Earth atmospheric clouds, together with known similar
mechanisms based on complex electrization in the
warm ascending air stream of shallow round water
droplets, will contribute to the further development of
the nature of atmospheric electricity and the successful
solution of the global lightning protection problem on
our planet of technical and biological objects.
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ANALYSIS OF ELECTROMAGNETIC PROCESSES
IN THE SYSTEM «CYLINDRICAL SOLENOID — MASSIVE CONDUCTOR»

Purpose. Defining the key parameters of the inductor geometry, as a long multi-turn solenoid, that influence on the current
amplitude induced excited in a massive conductor with a flat boundary surface. Methodology. Performing a mathematical
analysis of the electrodynamic problem solution for an area with variable structure by integrating Maxwell's equation within the
given boundary and initial conditions and also physical assumptions simplifying the process of solving but not distorting the
result and carrying out an experiment that confirms not only the correctly construction considered but also the acceptability of
the chosen assumption the opacity applying of the metal blank for these operating fields frequencies. Results. Functional
dependencies of the current induced parameters on the metal surface of the heating object have been obtained, along which
numerical estimates of the electrodynamic process have been performed, and key parameters influencing the heating efficiency
have been determined. The correctness of the solutions obtained was confirmed experimentally. The final form of the solution
function of the physical-mathematical problem was shown to be acceptable for performing further engineering and research
calculations. Originality. The functional connection of the measured values of the induced surface current and the parameters of
the measuring system is determined, the experimental confirmation of which indicates the satisfactory calculation model of the
induction heating system and the entire solution as a whole. Practical value. Based on the calculations performed, working
samples of inductive systems for induction heating that meet the specified heating rate and area requirements can be constructed.
The obtained analytical expressions were transformed and simplified for their further using for engineering calculations with a
minimum error value. References 8, tables 1, figures 4.

Key words: induction heating, Maxwell’s equations, sheet metal, electromagnetic field, electrodynamic problem, eddy
currents.

Ienv. Onpedenenue Kniouegvix napamempos 2eomempuu UHOYKmopa, KaK OIUHHO20 MHO208UMKOGO20 COJIEHOUOA, GIUAIOULUX
Ha amnaumyody UHOYUUPOBAHHO20 MOKA 6030YiHCOAEMO20 8 MACCUBHOM NPOBOOHUKE C NJIOCKOU ZPAHUYHOU NOBEPXHOCHbBIO.
Memoouka. Bvinonnenue mamemamuueckozo ananu3za pewieHus IINeKmpoouHaMudecKoil 3adauu 0ias cpedbl ¢ nepemenHol
CMpYKmypoii nymem unmezpuposanusn ypasnenuil Makceenna é pamkax 3A0GHHBIX ZPAHUYHBLIX U HAYATbHLIX YCI06Ull, a
makoice Qusuyeckux O0onywjeHuii, KOmopbvle ynpouiaom Rnpoyecc peuieHus, HO He UCKAX}CAIom e20 pe3yibmam; a Mmakdice
npoeedeHue IKCHEPUMEHIMA NOOMEEPIHCOAIOULe20 He MOTIbKO NPAGUTILHO 6bINOJIHEHHOE NOCMPOEHUEe, HO U OONYCHUMOCHb
HpUMEHEeHUsA GbIOPAHHOZ0 OONYU{eHUA O HENnpO3pPaAYHOCMU MEMAIIUYECKON 3A20MOGKU 0714 OAHHBIX YACMOmM OellCmEyIoujux
noneii. Pezynomamul. Ilonyuenvl yHKyuoHanvuvie 3a6UCUMOCHU UCKOMBIX RAPAMEMPOE UHOYUUPOBGAHHO20 MOKA HA
nogeepxnocmu memanna 00veKma Hazpeea, nO KOMOPHLIM ObllU GbINOIHEHbl YUCTEHHble OUEHKU INeKMPOOUHAMUYECKO20
npoyecca, onpeodeieHbl Kliouegble napamempul, eauawuiue Ha Ipgdexkmuenocms nazpesa. Ilpasunvhocmv noayueHHBIX
peutenuil ovina noomeeprcoena IKcnepumenmanvho. OKonuamenvHulii 6U0 (QYHKUYUU DeuteHUs QU3UKO-Mamemamuieckoil
3a0auu 0blL1 NPUGEOCH K NPUEMIIEMOMY 0J1A BLINOJIHEHUA OANbHEHUUX UHNCEHEPHDIX U uccledosamenbckux pacuémos. Hayunan
Hogu3Ha. Onpedenena YYHKYUOHANBHAA CBA3b UBMEPACMBIX GENUYUH UHOYUUPOBAHHO20 NOBEPXHOCHIHOZ0 MOKA U NAPAMENPOE
U3MepumenvbHoil cucmemsl, IKCREPUMEHMATbHOE NOOMEEPIHCOeHUEe KOMOPOIl CeUOEemebCmeyen 00 y006aemeopunmenbHoCmu
pacuemnoil Mooenu cucmemsvl UHOYKYUOHHO20 Hazpesa u ecezo pewienusn ¢ yeaom. Ilpakmuueckan snauumocme. Ha ocnosanuu
npOoGeOeHHBIX pacuemos mozym 0blmb CKOHCHMPYUPO8AHbl padouue 00pasybl UHOYKMUGHBIX cucmem 014 UHOYKUUOHHOZ20
Hazpeesa, omeeyaroujue 3a0aHHLIM MPEOOCAHUAM CKOPOCMU Hazpesa u e2o naowaou. Ilonyuennvle ananumuyeckue evblpajxceHus
Obliu RPeodpa3z06anbl U YRPOWLEHbL C UEIbl0 UX OAIbHENUle0 UCNONb306AHUA 014 UHNCEHEPHBIX PACUEMOE ¢ MUHUMAIbHOU
eenuuunol nozpewinocmu. butn. 8, radn. 1, puc. 4.

Kniouesvie cnosa: WHAYKIMOHHBI Harpes, ypaBHeHus Makcseiia,
3J1eKTPOJUHAMUYECKAs 3a1a4a, BUXPeBbIe TOKH

JIACTOBOI METaJJl, J3JEKTPOMAarHuTHOE I10J1€,

Introduction. The development proposed by the
authors [1] with the use of induction local heating of
metal surfaces assumes the fulfillment of research
calculations of the field penetration process into sample
sheet metal in order to determine its qualitative and
quantitative characteristics.

Today, there are large number amount of research
material covering the physical processes and the
corresponding solutions to the problems of induction
heating technologies. The author [2] describes the
electrodynamic processes under metal cylinder heating
and numerical values obtained coinciding with the
experimental data. A similar model of the system is also
described in [3] for heating the walls of a cylindrical
surface to simulate the process of strips welding. No less
significant are research into the microscopic parameters
behavior of an object. The author [4], among other things,
studied the effect of magnetic permeability and its

changes on the efficiency of the metal heating for its heat
treatment. The characteristic combining factor of the
works analyzed, including similar ones [5, 6], is the
orientation to objects of cylindrical geometry and a
common mathematical apparatus, namely, the numerical
analysis of FEM, by which it is impossible to obtain
analytical dependencies suitable for engineering
calculations.

Since in most cases induction heating is used for
cylindrical objects heating processes, the application of
the available recommendations for flat surfaces heating
can lead to incorrect technical solutions in practice.

The analysis of the flat surfaces heating is an actual
task for the further determination of the induction heating
tools optimal parameters.

To obtain a general estimation of the
electromagnetic interaction between the field source and

© Yu.V. Batygin, Ye.O. Chaplygin, O.S. Sabokar, V.A. Strelnikova
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the object, it is advisable to neglect the penetration
processes, and to considered the metal of the billet as the
ideal conductivity approximation.

To exclude all kinds of circumstances that occur in
real constructions of inductor systems and to evaluate
precisely the geometry of the relative location of the field
source and the object of electromagnetic influence, it is
advisable to neglect the penetration processes, and to
consider the metal of the sample in the ideal conductivity
approximation.

The goal of the paper is to define the key
parameters of the inductor geometry, as a long multi-turn
solenoid, that influence on the current amplitude induced
excited in a massive conductor with a flat boundary
surface.

Fields and the eddy currents. The computational
model in the cylindrical coordinate system is shown in
Fig. 1.

Z 4
R
A
Y
induetor
I
cheet metall
r

R 0 =

T

Fig. 1. The model of the inductor system with a long cylindrical
inductor, above the ideally conducting blank.

Formulation of the problem:
e the system has an azimuthal symmetry, so that

— =0, ¢— azimuth angle;
o9

e the current in the winding of the inductor is
represented by the azimuthal component with a uniformly
distributed spatial density —j,(¥), ¢ — time;

e clectromagnetic processes in the system are

. . 10}
quasisteady in the Landau sense, so that —-/>>1, @ —
c

cyclic frequency, ¢ — light speed in vacuum, / — the largest
characteristic size of the system [7].

e the metal of the inductor winding has not influence
the flowing electromagnetic processes.

The solution carrying out of the problem is
mannered according to the [7, 8].

The Maxwell's equations for non-zero components
of electromagnetic field strengths, been transformed by
Laplace taking into account zero initial conditions, at
space above the blank, where z > 0, have a view [7]:

oH,(p,r,z) _oH (p,r.z) _ . .
aZ 6}" _J(p(p’raz)a
10
=2 (r-Ey(por.2)) =g - p-H.(pr.zk  (1-3)
r or
(a )—#o-p-Hr(p,r,Z);
Z

where p — Laplace transform parameter;
E¢(p,r,z)= L{Ew(t,r,z)},
H,,z(p,r,z): L{Hr,z(t,r,z)},

Jolporz)= L, 2))

In the general case, the current density on the right-
hand side of equation (1) is written as:

Jo(pors2)=(p-20+7) Ep(p.rs2)+ jy (pir.2), (4)

where j(/,l_ (t, r, Z) — the inductor outside current density,

Jo (p7.2)= j(p)- £i(r)- £2(2).
j(p) — amplitude-time dependence; fi(») — the radial
current distribution function in the inductor; f(z) — the
inductor current distribution function by variable — z;
&o — the dialectical vacuum permeability.

For a cylindrical inductor in Fig. 1 with a radial and
longitudinal number of turns — w,, w, accordingly,
homogeneous distributions of the exciting current with
respect to the spatial variables are described by the
following functions.

Ry)=n(r-R,)]

fi(r)=[n(r-
{f A W 1) S

where Ry — Ry =w,-d, [ =w,-d, dxd — cross-sectional
dimension of the square turn.
The amplitude-time dependence of the excitation

current density is written as:

1(p)

J(p)= o (6)

where I(p) = L{I(?)}, I(f) — the inductor current,
1(t)=1,,-y(t),
L., y(t) — amplitude and time dependence, respectively.

From the Maxwell system (1) — (3) a differential
equation for the azimuthal component of the electric field
strength £,(p.4,z) can be obtained, which after the integral
Fourier-Bessel transform takes the form [8].

The unknown constants can be defined from the
boundedness conditions of the function E,(p,,z) with
z — oo and its equality to zero on an ideally conducting
surface z = 0. Intermediate identical transformations are
omitted because of its triviality and to avoid excessive
unwieldiness in the material presentation.

In the end, it is found that

E,(p..z)= —% e -(1 —e M )~sh(/lz), 7)

where A — parameter of the Fourier-Bessel integral
transformation; J;(4r) — the first order Bessel function,
K(p.A)=po-p-j(p)-F(2),
R2
where  F(1)= Ir] ((A-r)dr - the radial current
Ry
distribution Fourier-Bessel image function in the inductor
— fi(r) from (5).

Using (3) and (7), taking into account the quantities
presented in (8), and the Fourier-Bessel image of the
tangential component of the magnetic field intensity in the
region z < 0 is determined as
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H,(p,2,z)= —%~ F(2)-e -(1 —e M ) ch(Zz). (8)

The current density module on the surface of the
ideally conducting workpiece — j,(p,4) is equal to the
modulus of the magnetic field strength tangential
component [2].

Using (8), taking into account (6) after inverse
Fourier-Bessel and Laplace transforms, it is found that

1
Joltr) ==

)
j F(2 —i”( e_/u)-Jl(/ir)dﬂ.

The eddy Current in the circular region of the radius
R is found by integrating expression (9) for » € [0; R]:

TF

I t,r<R)=—1, ylt) | —="e

i< R)==1, w0 | o
x (1 —eH ) (1-Jo(AR))dA.

We reduce the formula (9), (10) to a form converted
for practical estimates. Thus, in terms of the new
integration variable, the expressions (9) and (10) are
transformed to the form of the following dependencies:

a) relative density of current induced,

Jom

O(V)Z—Z
)

@ LE( LAY e,
:J‘F(x).e d . l_e d Jl {_\J dx’
FRW)

y-Ji(v)dy; x=2d, x € [0; w0);

b) relative magnitude of the current induced (current
transformation ratio),

{P%pg{%m@

In reality, the turns are separated by dielectric gaps.
Let it be the same and equal in the vertical and horizontal
directions A. Concerning, the geometric parameters of the
inductor can be determined by the following relations:

[=w -{d+A(l—Lﬂ;
Wi
1
R2 =R1+Wr |:d+A{1——J:|
Wy

Taking into account (13), the expressions (11) and
(12) take the next forms:
a) relative density of the current induced,

(13)

(14)

—X7 —X— R
J-F d.1-e d ~J1(x-—l-pjdx.
d
b) relatlve magnitude of the current induced in the
region of radius — R (current transformation ratio
respectively),
1 TF(x)
1o(Ry) = =L [0,
In N, -([ X
5 p (15)
e b R
xXe d l-e d (I_JO(X.7'RO\J dx,

where

st aet

Numerical estimations of the excitation processes
efficiency for eddy currents are given in the example for
the system with the following parameters: R; = 0.02 m,
d=0.002 m, A=0.0005+0.001 m, 2= 0.001 m.

There are indices off induction processes for
windings with the number of turns in one row equal to
wy, = 10 (Table 1).

Table 1
Numerical estimations

No. | Wire row Wire Cylindrical | Flat circular
quantity turns inductor, inductor,
common Relative Relative
quantity current current
1 1 10 4.6 9.35
2 2 20 9.5 16.2
3 3 30 14.6 224

Fig. 2 shows the situation with increasing number of
turns in one row of winding up to w;, = 20.

Experiment. To confirm the correctness of the
calculations performed, similar experimental
measurements for a similar electrodynamic system took
place. The purpose of the following experiment is:

o the veracity confirmation about the consideration of
the ideal conductor system;

e the veracity confirmation of the graphs obtained for
induced current density distribution.

It is necessary to carry out two types of
measurements for this. The measurement of the
distribution of induced currents using an induction sensor
located and moved along the radius of the conductor
surface and the direct measurement of the induced current
density by the voltage drop at a given gap in the
conductor. The assumption about the ideal conductor
makes it possible to affirm that the density of induced
currents on the ideal conductor surface is equal
numerically to the magnetic field strength above the
conductor. Its veracity can be confirmed with the
following scheme of the experiment.

The Fig. 3 below shows a schematic diagram of a
contact measuring method.
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Ulz)

| |
I 1
4 .'E- o ~ —~
B ~| L jl ) \
'__ = = - ] Fig. 3. Experimental model for contacts measuring
L i J e Diameters of inductors used: cylindrical inductor
C——1a 45 mm, disk inductor 112 mm;
|=. e Height of inductors used: cylindrical inductor —
C———= 50 mm, disc inductor — 2 mm;
——— = e Number of turns inductors: 20;
a o Inductor current frequency: 20.56 kHz;
In(r} e The amplitude of the inductor current: 16.8 A;
' T e Conductivity of sheet billet: y=59.5-10° Sm/m;
3 | — e The value of the contact gap: Ax =5 mm;
i l | e Cross-sectional area of the contact contour and the
) :. - inductive sensor: § = 5 mm’;
. i f e Number of the inductive sensor coil turns: N=100.
: | 7 It should be taken into account that the voltage
3 e B measured at the contacts is the sum of the voltage drop
=T — and the induced EMF in the contact contour formed.
. — . 2 By According to this it’s possible to determine the function
1 s e | of the measured voltage by the following formula
C——1= djlt
— U(t)= ki jle)+ &, %= (16)
C—————= 1073 .
C—m= where klz—:5—06:0.084~10 2,
b 7 59.5-10
s ky = oSN =100-47-1077-5-10° =1.57.107'°
I The solution of the resulting differential equation is the
| g q
0 B sought-for function of the current density on the metal surface
| | S ™ U _ U
«t+ - Jle)= 2ma) 2. ¢ far SITR
i / ky (@ +kiz) ky(@® +kiy)  (I7)
. f / X (kl P sin(a)t)— a)cos(a)t)),
|: ,."'.r- . where k12 = kl /k2 .
1 : L " Taking into account the shape of the exciter current
i W 1 g p
[ sy 1 of the inductor and the signal measured, it is fairly to
- measure the amplitude of the induced current — the
——uW - maximum of the signal. Neglecting the aperiodic
c component of the general solution, which eventually tends
Io(r) to zero, the sought-for value can be calculated as
- [ = e —— ., (18)
1 kp\ (@ + k)
2 = In its turn, the induced current measured by the
" = induction sensor should give the same value as in the case
: 1 of the contact measurement method.
d dH (¢ djlt
: i R &le)= uossNﬁ ~ uossNﬁ L)
=1 . T dt dt
- 4 1 ) l .
1 =Y ] jit)= [ £(e)dt =|é(e)= &, sinfer) =
/‘OSSN
C——EN - P , (20)
d =—2M__cos(ct)
Fig. 2. Radial distributions of process efficiency indicators of HoSsNaw

where N — number of sensor coil turns; S, — sensor cross-
sectional area.

eddy currents in inductors with single-layer windings,
a, b —relative density and relative magnitude of the induced
current, respectively, for w; =20, w, = 1; Fig. 4 shows the distribution of the induced current
¢, d — relative density and relative magnitude of the induced and its radial density with two different measurement
current, respectively, for w,= 1, w, =20 methods.
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Fig.4. Radial distributions of process efficiency indicators of
eddy currents in inductors with single-layer windings:
a, b — density and relative magnitude of the induced current,
respectively, for w; =20, w,=1;
¢, d — density and relative magnitude of the induced current,
respectively, for w; = 1, w, = 20; measurements performed by:
1 — induction sensor, 2 — contact method

The qualitative and quantitative coincidence of the
current density distributions measured and the calculated
currents values for two different measurement methods
allow to state the correct representation of the
electrodynamic process model and the acceptability of the
analytical dependences obtained.

Conclusions. The calculations carried out related for
effective systems creation not only for the induction heating
of thin-walled metals, but also for a number of electrical
devices that represent air current transformers in this case.

How to cite this article:

The value of the current transformation coefficient
depends essentially on the mutual arrangement of the
inductor turns.

The most effective is to increase the radial number of
turns, with a linear increase in the transmission coefficient. In
turn, an increase in the turns along the vertical direction from
the surface of the metal does not lead to a substantial
transformation coefficient increasing due to the self-
shielding effect of the winding.

In the case of a cylindrical inductor, the radial
distribution of the excited currents has a pronounced
maximum that coincides with the center at the end of the
winding. For the practice of induction heating, it means a
quadratic dependence of the heat emitting in this region of
sheet metal.

The objectivity of the assumption of considering a
massive conductor as an ideally conducting surface, as well
as the reliability of the graphical dependencies obtained,
were confirmed experimentally.
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POWERFUL GENERATORS OF HIGH-VOLTAGE PULSES WITH NANOSECOND
FRONTS

Purpose. Purpose of the article is to show the possibility of joint efficient operation of semiconductor switches and spark arresters in
high-powerful high-voltage generators for obtaining nanosecond and shorter pulse fronts on a high-voltage load. Methodology. The
variants of generators of power high-voltage pulses with semiconductor switches in the form of IGBT-transistors, SOS-diodes and spark
dischargers as pulse front peaking spark gaps are considered. A scheme is proposed for such a generator of high-voltage pulses with
nanosecond firont on the basis of a linear pulsed transformer in the Tesla scheme. Results. On the complex load of the generator in the
form of a serial connection of a gas bubble in water with a discharge in it and a layer of water under the bubble, voltage pulses with an
amplitude of 23 kV and current pulses with an amplitude of 15 A were obtained. In this case, the pulse front, both voltage and current,
on the levels 0.1-0.9, was approximately 10 ns, and the repetition rate of pulses in the load ranged from 1200 to 5000 pulses per second.
Originality. A scheme is proposed for a generator of high-voltage pulses with a nanosecond front. The difference of the proposed genera-
tor with a nanosecond front, high pulse repetition rate, using its high-voltage and low-voltage circuits in the discharge circuit, is the pres-
ence in its composition of a linear pulse transformer and a system of peaking of pulse front using SOS diodes and spark gaps. Practical
value. These generators considered in this work can find wide application in high-voltage technologies, including decontaminating water
treatment, water purification by electric discharges. References 11, figures 3.

Key words: spark gap discharger, generator, switch, transistor, SOS-diode, high-voltage pulse transformer, pulse repetition
frequency, capacitive storage, inductance, load resistance.

Paccmompenvt eéapuanmol 2enepamopoé MOUIHbIX 6bICOKOGOTILIMHBIX UMHYILCOE C NOTIYNPOGOOHUKOGHIMU KOMMYMAMopamu 6
euoe IGBT-mpanszucmopos, SOS-0u0006 u uckpoevimu paspaonuxamu. Ilpednosrcena cxema makozo zemepamopa 6bviCOKO-
60JIbMHBIX UMNYILCO8 C HAHOCEKYHOHBIM (ponmom. Omnuyuem npeodnoiHceHHO20 2eHepamopa ¢ HAHOCEKYHOHbIM (PPOHmMOM,
6bICOKOIl 4acmomoil c1e006aHUA UMNYIbCOG, C UCNONLIO6AHUEM 6 PA3PAOHOM KOHIMYpe €20 6bICOKOGOIbHIHBIX U HU3KOGO0/1bM-
HbIX yeneil ANAemca HAAudue ¢ e20 cocmaege JUHEIIHO20 UMNYIbCHOZ0 MPAHCHopmamopa u cucmemsl 0d0cmpenus Gponma
UMNYABbCO8 ¢ Ucnob3zoeanuem SOS-0u0006 u ucKposvix paspaonuxos. butn. 11, puc. 3.

Knouesvle crnosa: pa3psiTHuK, HCKPOBOIl MPOMEKYTOK, TeHEPATOP, KOMMYTaTOp, TPaH3ucTop, SOS-110/, BHICOKOBOJIbTHBIH
HMIYJIbCHBII TpaHcdopMaTop, YacToTa cjIeJ0BaHHS HMITYJIbCOB, EMKOCTHBINH HAKONHTEIb, HHIYKTHBHOCTH, CONPOTHBJICHHE

Harpys3Ku.

Introduction. Modern transistor assemblies with
operating voltages up to 10 kV and thyristors as power
electronic energy switches in low-voltage circuits of pulse
generators make it possible to receive microsecond pulses
with an amplitude of 25-500 kV on the load connected to
the high-voltage terminals of these generators [1, 2]. Gen-
erators with semiconductor switches provide a pulse repe-
tition rate of 50,000 pulses per second [3, 4].

In [3-6], generators are presented on the basis of
pulse transformers (PT) and IGBT switches in which PT
and reverse diodes in IGBT are used to recover energy not
released in the load. In this paper, we present modes in
which both the high-voltage and low-voltage PT circuits
are involved in the discharge circuits of the generators.
IGBT-key can be used both as a closing and as an open-
ing switch. In the figures with the diagrams in this article,
Ly, Ly, is the inductance of the dispersion and the lead-in
conductors in the low-voltage and high-voltage winding
of the PT respectively. When the IGBT-key is an opening
switch and the magnetization inductance is intermediate
energy storage, both the high-voltage and low-voltage
circuits of PT participate in the discharge circuit of the
high-voltage load.

For peaking of the pulse front, SOS diodes in the
high-voltage PT circuit, as well as spark gaps, can be
used.

The purpose of the article is to show the possibility
of joint efficient operation of semiconductor switches and
spark arresters in high-power high-voltage generators for
obtaining nanosecond and shorter pulse fronts on a high-
voltage load.

Choice of generator scheme. Schemes with SOS-
diodes were developed by Russian scientists [1, 7]. But in
these generators in the SOS-diodes' pumping circuits,
inductance choke with saturation (magnetic keys) are
used, which reduce the efficiency of the generators. Fig. 1
shows the circuit diagram of the generator with IGBT
switches in the low-voltage circuit of PT in the form of a
linear pulse transformer (LPT) and with a SOS switch in
the high-voltage circuit of PT without throttles with satu-
rating. The operation of the generator in the case of using
T (IGBT) as a closing switch is described in [8]. With a
low-resistance load with impedance <10 Ohm and the
need to allocate in it of all the energy from Cj, in each
pulse, it is required to minimize inductances of dissipation
of high-voltage and low-voltage winding (Ly;, L) of pulse
transformer (PT). This can be done by applying a linear
pulse transformer (LPT) as an PT [1]. The replacement
circuit of the generator with the lead to the primary wind-
ing of the LPT is shown in Fig. 2. Given leaded values are
marked with a prime ('). The ferromagnetic magnetic core
LPT is divided into sections. Each section is wound with
a single-turn primary winding, in the circuit of which
there are series-connected capacitive storage C;, and
switch T (in Fig.1 IGBT- switch). The total primary wind-
ing consists of a series of single-turn primary windings
wound each on its own section. The secondary winding is
also single-turn, but covers all sections of the magnetic
circuit. The design of LPT provides the minimum induc-
tance of leakage L, and inductance of magnetization L,
(here Li<<L, as well as in traditional PT).

© N.I. Boyko
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LPT

Fig. 1. Schematic circuit diagram of the generator with IGBT
switches

Lis  LPT L'

Therefore, the duration of the transient response of the
LPT is shorter than that of traditional PT. The trans-
formation ratio of the step up transformer LPT is &, = n,
where 7 is the number of sections (or primary windings
forming the total primary winding). In Fig. 2 Cj,z=nC,,
Lys=Ly/n, L,;s=L,/n, L, — magnetization inductance of
one section of LPT, T is a total IGBT switch consist-
ing of n sectional IGBT switches T connected in paral-
lel. Low values of L, and L, lead to an increase of the
current in the generator. This increases the switch re-
quirements for the currents being passed. The modern
IGBT module is capable of transmitting a current of
1200 A, can withstand a voltage of 3300 V and has an
on-time of significantly less than 1 ps, and a shutdown
time of approximately 1 ps (for example, IGBT module
MIO 1200-33E10).

SOS N

/

_Fl_g 2. Scheme of subs

Considering that the total primary winding consists of n
constituent primary windings, each of which includes one
MIO 1200-33E10 module with the corresponding driver as
IGBT switch, at n = 25 the commutators of the total primary
winding are able to pass the current 7,,, = 30 kA. And the
calculated current /.. in the discharge circuit through the
total primary winding at R;,~=8 Ohm is approximately equal
to Lu~U/Ry. For U,=300 V, R}=R;/n"=0.0128 Ohm,
Lu~23.4 KA. 1,14 [8]. Hence, IGBT-switches can work
together with SOS-switches in the discharge circuits of high-
power high-voltage generators. Advantages of semiconduc-
tor switching systems with IGBT in high-power generators
over of switching systems with spark gaps are a higher per-
missible repetition rate (up to hundreds of thousands of
pulses per second), high stability of pulses on the load. In
addition, such a switching system provides the ability to con-
trol the switching times of IGBT switches on and off and full
synchronization of their operation in parallel operation.
However, as a final high-voltage switch it is advisable to use
a spark gap, since spark dischargers are the most high-speed
high-voltage switches that allow obtaining the minimum
(subnanosecond) durations of the high voltage pulse fronts
on the load. The permissible frequency of following into a
load of high-power high-voltage pulses with a nanosecond
front is currently limited, probably, by spark gaps at a level
of several thousand pulses per second by using forced cool-
ing of their electrodes. The considered generators can find
wide application in high-voltage electrotechnologies, includ-
ing at disinfecting water treatment, water purification by

titution for generator

means of electric discharges [9-11].

One of the most promising variants of the scheme of
a high-power high-voltage generator operating on the
Ry-L,~Cjy load is shown in Fig. 2. After the SOS-diode is
pumped back and the current is switched to the capaci-
tance C'py, this capacitance is charged during a time in-
terval (half-cycle) 7/2~n[(L,s+L,) C'ap]"?, if C'yu<<C'yy,
the closing switch SD does not work, and L,s acts as an
intermediate energy store. However, to switch the energy
to the load R'j-L';-C'y, the switch SD (spark discharger)
should work, preferably closer to the end of the half-
period 7/2. Then C';,, with an energy close to the maxi-
mum is connected to the R',-L',;-C';; load during the
switching time. The shorter the switching time, the shorter
the pulse front duration formed on the R';;-L',-C'); load.

Such a scheme allows one to obtain nanosecond
pulses with amplitude of hundreds of kilovolts and more
on the load by using a linear pulse transformer as a step-
up pulse transformer having one turn in the secondary
winding and a high-speed spark gap as the closing switch
SD. Such an arrester allows achieving switch times in
units of nanoseconds or less.

Experimental results. Fig. 3 shows the oscil-
lograms of the current and voltage pulses on the load R,
L;-Cyy. The load of the generator was a serial connection
of a gas bubble in water with a discharge in it and a layer
of water under the bubble, that is, the load was nonlinear.
Therefore, in the diagram (Fig. 1, 2), the inductance, ca-
pacitance and active resistance of the load are shown by
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variables (general case). The electrode system of the gen-
erator in which this nonlinear load was located was a
«high-voltage metal rod — a low-voltage (grounded) metal
ring under the rod». The oscillograms were obtained in an
experimental setup using a simplified scheme in which
there is no branch of C',-SOS, and the capacitance C'y,, is
connected directly to the ends of the secondary winding
of the LPT transformer. It follows from the oscillograms
that the voltage and current curves are phase shifted rela-
tive to each other, the voltage amplitude on the load is
approximately 23 kV and the current amplitude is about
15 A. The voltage and current pulse forms are aperiodic
decaying with superimposed oscillations with a period of
approximately 20 ns. The half-height duration for the
voltage pulse was approximately 120 ns, and for the cur-
rent pulse, about 60 ns. The duration of the pulse front,
both voltage and current, over the levels 0.1-0.9 was ap-
proximately 10 ns. The repetition rate of pulses to the
load ranged from 1200 to 5000 pulses per second. As a
voltage sensor, a capacitive voltage divider was used, and
a low-inductive current shunt was used as the current sen-
sor. The recording device was a digital oscilloscope
RIGOL DS1102E with a bandwidth of 100 MHz. There-
fore, when recording pulses with characteristic times less
than 10 ns, errors are possible.

RIGOL STOP ik

CHi= 1.@@) [MRE  1.EEL Time 58 .0Ens DHE.GEERS

Fig. 3 Typical oscillograms of voltage pulse (1) and current
pulse (2) on the load R;-L;-Cjy

The value of the division along the process axis for
the voltage oscillogram (curve 1) is 7.65 kV/div, and for
the current oscillogram (curve 2), 2.4 A/div.

Conclusions. A scheme of a high-voltage pulse gen-
erator based on a linear pulse transformer using IGBT-
switches in its low-voltage circuits is proposed. In the high-
voltage part of the generator it is proposed to use SOS-diodes
as switches, and spark-gap dischargers as the final power
switches. The advantages of the proposed scheme of a high-
power generator with a R;-L;~C), load are shown: the possi-
bility of obtaining high-voltage pulses with nanosecond and
shorter fronts on the load at a repetition rate of up to several
thousand pulses per second. These advantages are confirmed
experimentally. A typical oscillogram of voltage and current
pulses is shown on a nonlinear load in the form of a series
connection of a gas bubble in water with a discharge in it and
a layer of water under the bubble. The half-height duration
for the voltage pulse was approximately 120 ns, and for the

How to cite this article:

current pulse, about 60 ns. The duration of the pulse front,
both voltage and current, over the levels 0.1-0.9 was ap-
proximately 10 ns.

The generators considered in this work can find
wide application in high-voltage technologies, including
decontaminating water treatment, water purification by
electric discharges.

REFERENCES
1. Mesiats G.A. Impul'snaia energetika i elektronika [Pulsed
power and electronics]. Moscow, Nauka Publ., 2004. 704 p. (Rus).
2. Muhammad H. Rashid. Power electronics handbook: devices,
circuits, and applications handbook. Edited by Muhammad H.
Rashid. 3rd ed. Butterworth-Heinemann is an imprint of Elsevier 30
Corporate Drive, Suite 400, Burlington, MA 01803, USA; Linacre
House, Jordan Hill, Oxford OX2 8DP, UK, 2011. 1390 p.
3. Boyko N.I., Evdoshenko L.S., Zarochentsev A.L., Ivanov
V.M., Konyaga S.F. The high-voltage complex with two high
frequency generators that regulate modes of corona and barrier
discharges when processing gaseous hydrocarbons. Technical
Electrodynamics, 2012, no.2, pp. 105-106. (Rus)
4. Boyko N.I., Bortsov A.V., Evdoshenko L.S., Ivanov V.M. Gen-
erators of high-voltage pulses with a repetition rate of 50000 pulses
per second. Instruments and Experimental Techniques, 2011,
vol.54, no.4, pp. 533-541. doi: 10.1134/s0020441211030225.
5. Boyko N.L, Bortsov O.V., Evdoshenko L.S., Ivanov V.M.,
Ivankina A.I., Tur A.N. Pulsed corona discharge ionization with
enlarged zone of ionization: physical fundamentals of obtaining
and the perspective fields of application. Electrical Engineering
& FElectromechanics, 2004, no.3, pp. 98-104. (Rus). doi:
10.20998/2074-272X.2004.3.20.
6. Boyko N.I., Bortsov O.V., Evdoshenko L.S., Zarochentsev
0.1, Ivanov V.M. Using pulsed corona discharge with enlarged
zone of ionization for the conversion of toxic gaseous waste.
Electrical Engineering & Electromechanics, 2007, no.4, pp. 64-
65. (Rus). doi: 10.20998/2074-272X.2007.4.16.
7. Vasil’ev P.V., Lyubutin S.K., Pedos M.S., Ponomarev A.V.,
Rukin S.N., Sabitov A.K., Slovikovskii B.G., Timoshenkov S.P.,
Tsyranov S.N., Cholakh S.0. A SOS-Generator for technological
applications. Instruments and Experimental Techniques, 2011,
vol.54, no.1, pp. 54-60. doi: 10.1134/s0020441211010118.
8. Boyko N.I. Powerful high-voltage generators with the semi-
conductor switches. Technical Electrodynamics, 2014, no.5, pp.
92-94. (Rus).
9. Locke Bruce R. Environmental applications of electrical
discharge plasma with liquid water — a mini review. Interna-
tional Journal of Plasma Environmental Science & Technology,
2012, vol.6, no.3, pp. 194-203.
10. Preis S., Panorel 1.C., Kornev 1., Hatakka H., Kallas J.
Pulsed corona discharge: the role of ozone and hydroxyl radical
in aqueous pollutants oxidation. Water Science & Technology,
2013, vol.68, no.7, p. 1536-1542. doi: 10.2166/wst.2013.399.
11. Vanraes P., Nikiforov A.Y., Leys C. Electrical discharge in water
treatment technology for micropollutant decomposition. Plasma sci-
ence and technology — progress in physical states and chemical reac-
tions. 2016, Chapter 15, pp. 428-478. doi: 10.5772/61830.

Received 03.10.2017

N.I. Boyko, Doctor of Technical Science, Professor,

National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

phone +380 57 7076245, e-mail: gnaboyg@gmail.com

Boyko N.I. Powerful generators of high-voltage pulses with nanosecond fronts. Electrical engineering & electrome-
chanics, 2018, no.1, pp. 59-61. doi: 10.20998/2074-272X.2018.1.09.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.1 61



UDC 621.315 doi: 10.20998/2074-272X.2018.1.10

Yu.N. Shumilov, V.G. Santotsky, E.D. Shumilova

ON THE NEED TO INCREASE THE RELIABILITY OF LINEAR INSULATORS
FOR DISTRIBUTION NETWORKS 10-20 KV

Introduction. In Ukraine high voltage overhead distribution lines (OL) of class 6 and 10 kV are the most extended. Their total
length exceeds 280,000 km. More than 95 % of the lines are made on line supports from reinforced concrete racks. On all poles of
the overhead line, pin insulators are installed. According to the data of operation experience, up to 60-70 % of single-phase earth
(SPE) faults due to «insulation» occurs on VL supports due to damage to line pin insulators, mainly during the thunderstorm
period. Problem. Insufficient reliability of pin insulators leads to interruptions in power supply, accidents on the line, accidents in
the area of reinforced concrete poles, where in the case of insulator damages, a long process of SPE occurs. Goal. The purpose of
the work is to select the design and develop requirements for new linear insulators of 10-20 kV overhead lines that provide high
resistance to lightning overvoltages with direct and inductive effects of lightning. Methodology. The research methodology
consists in analyzing operational experience, calculating insulator parameters and laboratory tests. Results. Using statistical data
on lightning parameters and data on mechanical loads on insulators, the main dimensions of line post insulators have been
determined that will ensure their reliable operation under conditions of intense thunderstorm activity and extreme ice and wind
loads. Conclusions. The main technical requirements for line post insulators for 10-20 kV distribution lines were formulated. On
the 10 kV OL located in areas with increased thunderstorm activity it is recommended to use line post insulators instead of pin-
type ones. On the OL-20 kV it is recommended to use only line post insulators. The use of high-lightning-resistant line post
insulators on OL-10-20 kV will significantly increase the electrical safety and reliability of power supply to consumers. Increased
by 2-3 times the cost of line post insulators in comparison with those used will be compensated for by the effects of reducing the
number of collapsible supports, damage from under-supply of electricity, labor costs during transportation and restoration of
destroyed supports, the moral side of reducing accidents in case of electric shock in the emergency zone. The insulators offered
for OL-10-20 kV can be used for fixing both bare and protected wires. The exclusion from the design of the weakest elements —
polyethylene caps and metal pins will increase the reliability of the power isolation unit. References 11, tables 2, figures 1.

Key words: overhead power line, pin insulators, line post insulators, lightning over voltages, electrical breakdown, flashover
of insulator, power supply interruptions, electrical safety, reliability.

Cmampa noceauiena 6vlO0py KOHCMPYKYUIL U pazpadomKe mpedOGaHUNl K HOBLIM JIUHEHHbIM U30IAMOPAM 013
pacnpedenumenvuvix cemeii 6-10-20 kB, obecneuusaroujux 6vICOKyI0 yCcmouuyueocms 6030YUIHBIX Ccemell K 2P0306blM
HePEeHanpANCEHUAM NPU RNPAMBIX U UHOYYUPOBAHHBIX 6030eiicmeunx monnuu. Ilosviuenue zpo3ocmoikocmu u30namopos
NO36071UM COKPAMUMb NEPepblébl 6 INEKMPOCHADNHCEHUU nompedumeneil U yMeHbUUMb INEKMPOMPACMAMUIM NEPCOHANA
INEKMPUYECKUX cemeii npu 60CCManosumenbvix paoomax. buodn. 11, radmn. 2, puc. 1.
Kniouesvie cnosa: BO3AYIIHAsT JUHHS 3JeKTPONepeAayd, IIThIPeBbIe HW30JIATOPHI,
rpo30Bble TEpPeHANPSIKEHUs, IIEKTPUUYECKHH NPOoGOii, IepeKpPHITHS H30JSATOPOB,
3JIEKTP00e30MacHOCTh, HAJEKHOCTb.

ONOPHO-CTEP:KHEBbIE H30JATOPDI,
nepepbiBbl  JIEKTPOCHAOKEH N,

Introduction. In Ukraine, overhead transmission
lines (OL) of voltage class 6 and 10 kV are the most
extended. Their total length exceeds 280,000 km. More
than 95 % of the OL is made on supports from reinforced
concrete racks. On all supports of the OL, pin porcelain
D or glass HIC insulators are installed. Pin insulators
comply with IEC recommendations and current Standards
requirements, but are damaged during OL operation.
According to [1] up to 60-70 % of single-phase earth
faults (SPE) due to «insulation» occurs on OL supports
due to damage of linear pin insulators, the remaining
30-40 % — due to the destruction of arresters, insulation
damage on transformer substations, etc.

The overwhelming majority of 6, 10 kV electric
networks are made on supports of reinforced concrete
racks made of vibrating reinforced concrete, with
fastening of wires with the help of pin porcelain or
glass insulators. In these solutions, the inadequate
resource and low reliability of OL-6-10 kV are
implemented. In 35 % of cases, accidents occurred due
to the destruction and electrical breakdown of the pin
insulators in the power unit.

At a direct lightning strike into the wire (DLS),
when the overvoltage wave steepness exceeds 1600
kV/us, a capillary breakdown occurs in the insulator head

[2, 3], and at induced overvoltages from nearby lightning
strikes (I0), insulators overlaps take place[4]. In both
cases, under certain conditions, a spark lightning strike
can go into an arc, supported by the operating voltage.
From the thermal action of the arc, the insulator head is
usually broken/scattered. A single-phase short-circuit
(SPSC) mode occurs [5, 6].

The SPSC mode on a OL-6-10 kV line can exist
without switching off the OL line from 2 to 6 or more
hours. At the same time, a capacitive current of 5-10 A
flows through the reinforced concrete support, and
caverns burn out in concrete, reinforcing steel begins to
melt, the greatest destruction of concrete and
reinforcement occurs at the site of penetration of the
support in the ground. Destruction of concrete and
reinforcement leads to an unexpected fall of supports, and
because of the flow of capacitive current near the support,
life-threatening touch voltages and step voltage appear
when approaching the human to the support [7].

In the letters of the «State Mining and Industrial
Supervision of Ukraine» No. 4824/0/41-8/6/13 and No.
2071/0/4.1-9.1/-6/14  the following is indicated:
«According to the analysis of occupational injuries in the
energy sector in 2013, 171 people were injured, including
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20 — with a fatal outcome. The main types of events
during which accidents with a fatal outcome were:
electric shock and falling victim with altitude along with
the supporty.

The SPSC mode also affects the isolation of other
electrical equipment. This situation in the Ukrainian
6, 10 kV networks should be corrected.

The goal of the work is choice of design and
development of requirements for new linear insulators of
OL-10-20 kV providing high resistance to lightning
overvoltages at direct and inductive effects of lightning.

Main research materials. In countries where the
transition to reinforced concrete supports was
accompanied by the use of support-rod insulators instead
of pin insulators, such problems did not exist. In Russia
and Belarus to improve the reliability of distribution
networks 6, 10 kV in 2004-2009 they began to develop
and install support-rod insulators (porcelain and polymer)
for the replacement of the pin ones [8].

The cardinal solution of the problem of reducing the
accident rate of OL-10-20 kV in Ukraine will be
installation instead of pin insulators of support-rod
insulators (porcelain and /or polymer). Their design is
shown in Fig. 1. Taking into account ongoing
developments of the application in Ukrainian distribution
networks of 20 kV voltage, insulators with voltage of 20
kV are also included in the work program.

2T
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Fig. 1. Sketch of a support-rod inst‘ﬁator -
for OL 10-20 kV, options A and B

An even more effective solution would be the use of
insulating traverses. The use of the traverses will greatly
improve the impulse electrical strength, the moisture
discharge voltage of the insulation and reduce the
probability of lightning transfer to arc.

By improving these indicators, it is possible to
reduce the specific number of switching off on the
OL-6-10 kV by at least 7.6 times (Table 1).

For dead-end and non-ringed lines, the installation
of support-rod insulators or traverses is practically the
only cheapest way to solve the problem of unexpected
power outage to consumers and reduce electro-injury and
death of people. In Ukraine, support-rod insulators for
OL-6-10 kV are not produced.

In this regard, the Research and Design Center for
Development of the IPS of Ukraine, together with the
PSC «Slavyansk High Voltage Insulators Works», at a
meeting on September 25, 2017, considered the technical

side of the development and production of reliable
designs of support-rod insulators and traverses for
OL-10 kV and OL-20 kV. The issue of the development
of insulators and traverses in 2 versions — polymer and
porcelain, suitable for use both on OL with insulated
wires and on OL with protected wires was considered.

Table 1
Specific number of switching off of OL-6-10 kV,
1/100 km-100 thunderstorm hours in a non-forested zone
(top estimation) [4]

. OL-6 kV OL-10 kV
Insulation

Nout.oLs | Noutio | Nour.pLs | Noutio

1IC-10A 13.0 11.0 17.3 21.1
1IC-10B 13.0 8.0 17.3 15.4
Ic-1or 13.9 9.4 18.5 23.1
Hid-10T 12.2 8.8 16.2 19.7

I®-20B 114 3.7 15.2 8.4
IK-10 11.8 8.8 15.7 18.6

JIK 70/10 12.4 9.9 16.5 21.7

Insulating traverse TU 3.6 0.5 43 1.1
Note. DLS — direct lightning strike; IO — induced overvoltages.

Particular attention was paid to the requirements for
new insulators. Let us consider these issues.

Requirement for the normalized bending load. In
the catalogs for pin insulators IHI®-10-20 kV and
IIIC-10-20 kV, the normalized mechanical force for
bending Fyeng = 12.5 kN is indicated. We explain the
justification for the value of Fieq = 12.5 kN. This is
important to understand when justifying the choice of
Feng for polymeric support-rod insulators.

The guaranteed fracture load in bending pins and
hooks on all drafts does not exceed 3 kN and the crushing
load on the support with three insulators — not more than
8 kN. Porcelain insulators with taking into account the
possible heterogeneity of the raw material (clay, kaolin,
sand), the conditions of firing, embrittlement and
unpredictable aging were constructed with in advance
inflated characteristics of strength to ensure the necessary
(2-3 kN) bending strength during operation. In practice, a
plastic cap applied between the pin and the porcelain
insulator breaks at lower loads resulting from the bending
pin: on the order of 1.5-2 kN load.

According to the conditions of the testing of pin
porcelain insulators for mechanical loading, the insulator
with a special high-strength rod (steel 40X, diameter at
the base — 40 mm) is reinforced with a blind seal with
cement-sand ligament. Only with a blind reinforcement
with a special rod that does not bend under a load of
12.5 kN, tests can be carried out.

That is, in normal conditions, the «insulator —
normal pin» assembly does not withstand more than 3 kN,
so the use of insulators with a larger destructive load on
the intermediate supports is economically inexpedient and
can lead to the fall of the support itself, additional costs
and time to rebuild the support. If the insulator breaks
under load (for example, 4 kN) less than the strength of
the support (8 kN), the power supply can be quickly
restored by replacing the insulator. In this case, the wire
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in most cases does not fall to the ground, as it remains to
hang on the broken insulator, if, of course, the load
impact is terminated (for example, the fall of the tree was
the cause of the accident) [9].

In projects for reinforced concrete supports,
maximum drafts are provided in the following values: 2;
4; 6; 8 kN. Does a polymer insulator need for a load of
12.5 kN? Such an insulator will be quite expensive. We
suppose that for mass application it is advisable to
develop two types of insulator: for loads of 4 kN and
8 kN. They will fully ensure the reliability with the
operating mechanical loads.

Requirements for lightning resistance. To satisfy
the requirements for high lightning resistance, two
conditions must be fulfilled:

1. Do not allow through-breakdown of the dielectric at
direct lightning strikes into the wire.

2.Do not block the insulators with induced
overvoltages with following transition of a spark
discharge into the arc one.

Satisfaction of these requirements will make it
possible to exclude hazardous modes of SPE in the
overhead lines due to low lightning resistance of
insulators.

To avoid breakdown, it is necessary to increase the
thickness of the dielectric in the insulating part (piece) of
the insulator, and to avoid overlapping — to increase the
discharge distance over the surface (the distance between
the metal parts by air). In both cases, the goal is achieved
by increasing the insulating height of the support-bar
insulator /.

The discharge distance ¢, for support insulators is
determined by the known expression [10]:

(]imp.+ = 670€d7 (1)
where Uy is the impacting the insulator impulse
voltage from induced waves at lightning discharge
(amplitude value), kV .« €4 is the discharge distance, m.

The amplitude values of the impulse overvoltages
Uinp.+ are of statistical nature. The experimental laws for
the distribution of amplitudes of induced overvoltages in
6-10 kV networks were studied in [4]. In this work it is
shown that at the level of probability P(Up.s) < 0.08+0.05
the amplitude values Uiy + are 200-300 KV yqx.

Substituting these values in the formula (1), we find
that £, can be taken in the range of 300-570 mm. Taking
into account the sufficiently low probability of overlap at
such discharge distances ¢,, as well as the coefficient of
transition of the impulse overlap into the arc of 0.5-0.7
[4], the dangerous situation in the line caused by the
appearance of the SPE AT induced overvoltages will be
minimized.

For support-rod insulators of 6-20 kV, the ratio of ¢,
is approximately 1.2; so at £,=300-570 mm thickness of
the insulating piece along the axis of the insulator will be
250-475 mm. With such thicknesses, the internal
breakdown of insulators is unlikely, that is, the first
condition of lightning resistance is also satisfied.

On the basis of the above explanations, the basic
requirements for support-rod insulators for 10-20 kV
overhead lines presented in Table 2 were formulated.

Table 2
The main technical requirements for support-rod insulators
for OL-10-20 kV

Porcelain Polymeric
Indicator name insulators insulators
10kV|20kV [10kV | 20 kV
Mechanical force for bending
F bend» kN 8 8 4 4
Discharge distance £, mm 400 | 450 | 400 | 450
llg/ghtmng impulse test voltage, 230 | 300 | 280 300
Length of leakage current path 700 | 700 | 700 700
(not less than), mm
Probability of overlapping with
induced overvoltages 0.08 | 0.075 | 0.05 | 0.075
P(Ujp), not more than

Conclusions.

1. The main technical requirements for support-rod
linear insulators for 10-20 kV OL are formulated.

2.0n OL 10 kV located in areas with increased
thunderstorm activity, it is recommended to use linear
support-rod insulators instead of pin-type ones.
On OL-20 kV it is recommended to use only support-rod
insulators.

3. The use of support-rod insulators of high lighting
resistance on OL-10-20 kV will significantly increase the
electrical safety and reliability of power supply of
consumers.

4. The cost of support-rod insulators increased by
2-3 times in comparison with those used will be
compensated for by the effects of reducing the number of
collapsible supports, damage from under-supply of
electricity, labor costs during transportation and
restoration of destroyed supports, the moral side of
reducing accidents in case of damage by electric current
in the emergency zone.

5. The insulators offered for OL-10-20 kV can be used
for fixing both bare and protected wires.

6. Exclusion from the design of the weakest elements —
caps and pins will increase the reliability of the power
insulation unit.
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D.G. Koliushko, S.S. Rudenko

EXPERIMENTAL SUBSTANTIATION OF THE CALCULATION PROCEDURE
OF NORMALIZED PARAMETERS OF GROUNDING DEVICE BASED
ON THE THREE-LAYER SOIL MODEL

Purpose. Experimental substantiation of the possibility of using the calculation procedure of normalized parameters grounding
devices on the basis of a three-layer model soil. Methodology. The research was based on comparison of the results of
experimental measurements for the existing high voltage energy facilities of Ukraine with the results of the calculation. Results.
Comparison showed that the average error decreased from 18 % for the two-layer model to 10 % for the three-layer model. The
analysis of the calculated and experimentally determined values of the touch voltage showed a high degree of coincidence.
Originality. The adequacy of the calculation procedure of the normalized parameters of the grounding device for model with
three-layer soil is substantiated by the results of experimental research on the existing energy objects. Practical value. The
obtained results allow us to use calculation procedure to create software to determine with increased accuracy the normalized
parameters of grounding device located in three-layer soils. References 10, tables 4, figures 3.

Key words: grounding device, resistance, touch voltage, three-layer soil model.

Buvinonunen ananus 603MO0MNCHOCMU NPUMEHEHUA PA3PAGOMAHHON MEMOOUKU OnpedeneHus HOPMUPYEMbIX RApamempos
3a3eMAAIOUEec0  YCMpoiicmed,  PACHONONCEHHO20 6  MPEXCAOUHOM  2PYHMme, NymeM  CDAGHEHUA  Pe3YbmaAmos
IKCHEPUMERMANLHBIX USMEPEHUI ¢ PACYEMHbIMU 3HAYCHUAMU ONA 0CliCMEYIOUUX 8bICOKOGObMHBIX NOOCMARUUT YKpauHbl.
ITokazano, umo cpednan nozpewtHocmy onpedesenus 3HaUenUs CORPOMUGNEHUA 3a3eMaAIouiez0 ycmpoicmea cuusunacy ¢ 18 %
ona 0eyxcinoiinoii mooenu 0o menee 10 % ona mpexcnoiinoii mooenu. Cpasnenue pacuemHuvlX U IKCHEPUMEHMATILHO
onpeoenennbiX 3HaYeHUll HANPANHCEHUA NPUKOCHOBEHUA NOKA3AI0 6bICOKYIO cmeneHb ux coenadenus. bubn. 10, tabn. 4, puc. 3.

Kniouesbvie crosa: 3a3emiisioniee ycTpoiicTBo, CONPOTUBIEHHE, HANIPSZKeHHE IPHKOCHOBEHMUS, TPEXCJI0IHASL MO/IeJIb TPYHTA.

Problem definition. Determination of the values of
the normalized parameters (NPs) of the grounding devices
(GD) of the operating electric power stations and
substations, namely the voltage of the contact, the voltage
on the GD and the resistance of the GD [1, 2]
experimentally leads, as a rule, to significant difficulties
(absence of a free space for removal measuring electrodes
at a sufficient distance, communications that go beyond
the electrical installation, the impossibility of measuring
at a real current of ground fault). Therefore, normative
documents [2] provide for the possibility of using
experimental and calculation methods [3-7]. The main
method of monitoring the state of GD is currently
electromagnetic diagnostics (EMD), which includes the
experimental and calculation stages, as well as the stage
of development of recommendations for bringing the GD
in line with the requirements of regulatory documents. In
the first stage, the actual layout of the GD, the corrosion
state and the section of horizontal groundings (HG) are
determined, the vertical electrical sensing (VES) is carried
out and the electrical parameters of the GD are measured
for further calculation. At the second stage, an
interpretation of the results of the VES is carried out to
determine the structure and specific electrical resistance
(SER) and the thickness of the soil layers, and the
calculation of the NP of the GD in the mode of single-
phase ground fault is conducted. Currently, the most
commonly used to calculate NPs are software that is
based on a mathematical model of GD located in a two-
layered soil [6].

In [8], based on a statistical database of more than
600 energy objects in Ukraine, it has been shown that in
most cases the soil has a three-layer structure (72.7 %),
sometimes two-layer (about 8.7 %), or it has more than
three layers (about 19 %). Proceeding from this, in order
to increase the accuracy of the calculation, the authors

proposed a mathematical model of non-potential
GDlocated in a three-layered soil [9] and a new
calculation method is developed on its basis.

However, the developed method for calculating the
NP of the GD on the basis of a three-layer soil model has
no experimental substantiation which limits its practical
application.

The goal of the work is experimental substantiation
of the method of calculation of normalized parameters of
grounding devices on the basis of a three-layer soil model.

Materials of research. The verification of the
calculation methodology was carried out by comparing
the results of experimental studies for existing high
voltage power units of Ukraine with the calculated values.

For the implementation of the calculation
methodology, a test version of the software package
«LiGro» was developed for the determination of the NP
of the GD of the existing power stations and substations
under the three-layered structure of the soil. From the
existing software [3-7] the specified software package is
distinguished by:

o taking into account the three-layered structure of the
soil with the stored calculation duration at the level of
two-layered models;

e the calculation of the electric field occurs on the
basis of solving the problem of the potential of the field of
a point source of current in a three-layered half-space;

e taking into account non-potential groundings;

e the possibility of arbitrary orientation of the
grounding.

The verification of conformity of the calculation
method with the experimental data is performed
according to the following criteria:

e comparison of the experimentally determined and
calculated resistance value of the GD (Rg);
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e comparison of the experimentally determined and
calculated touch voltage value on several selected
substation equipment units (U;).

Analysis of the results of determination of the
resistance of the GD. For the analysis the database on the
results of the EMD of the state of the GD of 70 electric
substations (SS) of the 35 kV voltage class located in the
north of Ukraine was used. The choice of this group of
power objects is explained as follows:

e measurements were made in the same weather
conditions;

e substations are located in the open area and do not
have a galvanic connection with industrial objects (which
ensures accuracy of measurements), except for SS No. 12
(see Table 1);

Table 1
Results of experimental and calculation determination of Rg
SS SS
RGe, | Raa, | Rass Rée, | Raa, | Rass
N‘:rnb Q| o | Q N‘;“b Q| o | Q
1 ]0.620/0.5953]| 0.644 | 36 |5.600| 6.133 | 5.527
2 ]0.700| 0.749 10.7349| 37 |1.170] 1.236 | 1.346
3 |1.270| 2.084 | 1.530 | 38 |1.000]0.7291 |0.7756
4 10.750]0.7149| 0.684 | 39 ]0.560]0.5375]0.5917
5 1.160| 1.304 | 1.218 40 ]1.000]0.8848 | 0.9036
6 10.990[0.92780.9138 | 41 [1.150] 1.250 | 1.227
7 10.955| 1.152 | 1.252 | 42 |9.700| 9.000 | 8.372
8 10.600]|0.5419|0.6788| 43 |1.330| 2.428 | 1.467
9 10.814/0.9386]|0.9175| 44 |2.600| 2.918 | 2.662
10 [1.060| 1.607 | 1.396 45 10.760]0.8873 | 0.898
11 |1.120] 1.244 | 1.206 | 46 |0.898| 1.29 |0.9515
12 10.394]0.6461 |0.6448| 47 [1.790| 1.862 | 1.792
13 ]2.370] 2.318 | 2.465 | 48 [1.250| 1.796 | 1.491
14 10.960]0.5622 | 0.764 49 10.500] 0.523 | 0.5225
15 10.710]0.6598 10.5931| 50 [2.000| 2.526 | 2.524
16 ]0.870]0.4934(0.7422| 51 |0.530|0.7412]0.8197
17 ]0.697]0.6848 |0.7046| 52 [0.622| 0.541 |0.6842
18 ]0.873]0.7781| 0.828 | 53 [0.990|0.8837(0.8393
19 10.775] 0.882 | 0.849 54 10.670]0.8287|0.9077
20 10.600]0.6185]0.6017| 55 [1.100]0.8556|0.9265
21 |7.200| 8.216 | 7.543 | 56 |0.950| 1.575 | 1.032
22 [1.200| 1.459 | 1.316 | 57 [0.630|0.6615| 0.63
23 |0.840| 1.579 | 0.961 | 58 [0.441|0.5143]0.4982
24 11.088| 1.398 | 1.233 59 |3.810] 3.969 | 3.802
25 10.790]0.7408 | 0.7919| 60 [2.800| 2.840 | 2.833
26 10.875| 1.024 | 1.111 | 61 |[1.740| 1.932 | 1.731
27 10.605]0.5522| 0.560 | 62 [10.10| 9.591 | 10.1
28 |1.370] 1.661 | 1.372 | 63 [0.680]0.7406 | 0.694
29 10.900]0.965810.9637| 64 [0.870]0.9517| 1.006
30 |2.600] 2.25 | 2.746 | 65 |1.060| 1.453 | 1.136
31 ]0.300[0.3829| 0.327 | 66 |2.236| 2.171 | 2.173
32 [0.500| 0.517 [0.4815| 59 [0.530]|0.5849| 0.64
33 [21.10] 17.66 | 23.66 | 68 [0.986| 1.28 | 1.182
34 10.610[0.6879]0.6903| 69 [0.610(0.7621|0.7084
35 |1.290] 1.073 | 1.220 | 70 ]0.560]0.5695|0.5713

e the presence of an area free of underground
communications around the objects, which allowed to
obtain the curves of the VES with sufficient accuracy of
interpretation (the deviation of the estimated curves of the
VES from the experimental values did not exceed 10 %);

e ground soils where the objects are located have a
wide range of SER values and allow to evaluate all types
of soils (for example, the minimum and maximum values

of the SER of the first layer lies in the range from 17 Q-m
to 5690 Q-m).

In the course of the research, it was compared
experimentally measured resistance values of the GD Rg,
with the values Rg; and Rg; calculated by means of the
method of determining the NP of the GD located in a two-
layered soil (the software complex «Grounding 1.0») [6],
and developed by the authors in [9] for the GD located in
a three layer soil (software complex «LiGro»). In Table 1,
the results of measurements of Rg., the calculation by
using two-layer Rg, and three-layer model Rg; values,
respectively, are presented.

It should be noted that for a fairly significant
number of substations (28.5 %) a four-layered soil was
characteristic and for calculations the equivalence
technique had to be applied with bringing the existing
structure of soil to the calculated two- and three-layer
models. In particular, this is true for substations
No. 7-10, 24-28, 37, 52-61 (see Table 1). The GD of the
substation No. 50 is located in five-layer soil. For all
other energy objects, a three-layered soil structure is
characteristic, so when calculating with the help of
«LiGroy» the initial soil structure was used, and in the
case of «Grounding 1.0» simulation, in all cases an
equivalence technique was used.

As can be seen from the results presented in Table 1,
for most cases (71 %), the calculation error using a three-
layered structure of the soil by the software complex
«LiGro» d; is less than the error J, (calculation using the
two-layer model «Grounding 1.0»). In addition, it should
be noted that for a three-layer model (about 74 %), the
error is a positive value. This is due to the fact that the
simulation did not take into account the presence of
natural groundings (the foundations of equipment and
cable lightning rods, the connection of the GD to the outer
metal fence, etc.).

However, for three substations, a significant error
(03> 35 %) is recorded in the calculation of the resistance
of the GD. Therefore, in order to check the results of the
determination of the resistance of the GD (namely, the
error value module J;) for the presence of random
differences in the sample, the Grubbs criterion [10] was
used. At the same time, the level of statistical significance
for determining the table value of the criterion was 0.05.

As a result of the analysis, the results of determination
of the resistance of the GD for substations No. 12, 51, 54
were excluded in stages from the sample volume.

From a physical point of view, a significant
deviation of the calculated and experimental data for
substation No. 54 is due to the influence of the
methodological error that arose when using the
equivalence technique to bring the four-layer soil
structure to the calculated three-layer. And in two other
cases due to the removal of potential outside the power
plant: for the substation No. 12 by cables, and for the
substation No. 51 by two cable lightning rods which in
turn are connected to the metal supports of overhead lines
with a voltage class of 35 kV and are natural additional
groundings.

The analysis results for a sample of 67 objects
(excluding switched off substations) are presented in
Table 2.
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As can be seen from Table 2, the technique of
calculating a non-potential GD located in a three layer
soil realized in the form of the software complex “LiGro”
has a significantly lower average error (1.8 times) for the
determining resistance of the GD in comparison with the
two-layer model [6].

Table 2
Comparison of the accuracy of determining the resistance of the
GD for 67 substations

results of calculations, within a radius of 0.8 m around the
k-th equipment unit; R, is the resistance of the human
body of 1 kQ [6].

Average | Number of substations that fall
Model type error into the range of error
6,% | £5% [£10% |£15% [£20%
Two-layer

“Grounding 1.0 18.22 14 28 41 47

Three-layer
“LiGro”

9.91 22 40 50 59

Also, for the developed method of calculating the
NP of the GD located in the three-layer soil, a greater
number of falls of the experimentally determined values
in the permissible error ranges (by an average of 31 %) is
recorded. This is especially true for ranges of £ 5 % and +
10 % where the number of such falls increased by 57 %
and 42 % respectively.

Analysis of the results of determining the touch
voltage. The test was based on a comparison of the touch
voltage on several selected substation equipment units
when simulating a single-phase ground fault. The analysis
was carried out on three substations with voltage class
110 (150) kV. In this case, the traditional method of the
set of experimental data was used to assess the adequacy
of the mathematical models of the GD which is presented
in [6]. The substations were selected in such a way that
each of them had one of the most common types of soil:
Q, H and K which make up more than 99 % of all three-
layered soils of Ukraine in the locations of power
facilities. Type A soil was not considered, since it occurs
in less than 1 % of cases [8].

Fig. 1-3 show the layouts of the GD locations for the
specified substations. The horizontal groundings are
marked with a thick black line, the grounding conductors
connecting the equipment with grounding are marked by
points, and the name of the equipment QS-1-QS-6 on
which the measurements have been carried out as well as
the power transformers 1T and 2T are shown.

The result of the calculation is the maximum and
minimum value of the touch voltage within a radius of 0.8
m around the point of study.

The evaluation of the results of the calculation was
as follows: the experimentally measured value of the
touch voltage U, should be in the interval between the
minimum and maximum calculated values for the
corresponding point. Table 3 shows the results of
comparison of U, for disconnectors of substations SS No.
1, 2, 3. Resistance of the base (plate) R, is the
experimentally determined value according to [6] which
is necessary for calculation and is an own characteristic
for each point:

Rbody
Rbody + Ro

Uy Z‘wko—(/’o.s‘ )

where ¢, is the potential on the k-th equipment unit, @y g
is the potential on the soil surface determined by the
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Fig. 1. Schematic diagram of the operating substation SS No. 1
of the voltage class 150 kV in the central part of Ukraine

!
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Main control building

Fig. 2. Schematic diagram of the operating substation SS No. 2
of the voltage class 110 kV in the central part of Ukraine

Input data for the calculation (grounding parameters,
specific electrical resistance of soil layers p and their
thicknesses /4, and the value of the measuring current) are
given in Table 4.

For SS No. 1 and SS No. 3, the experimentally
determined value of the touch voltage for all points (that
is, in 100 % of cases) lies in the calculated range.
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For SS No. 2, the experimentally determined value of the
touch voltage for 5 points of 6 (i.e. 83.3 % of cases) lies
in the calculated range, and for the QS-4 equipment, the
deviation of the nearest calculated value from U, is 20.8
%. For specified point such a deviation can be explained
by the difference in the cross section of the local
grounding, its corrosion wear, or the difficult path of the
grounding trail (the depth of bedding is variable, and the
grounding itself has not a straight line, but an arbitrary
shape at a distance of less than 0.2 m which can not be
determined).

Main control building

Fig. 3. Schematic diagram of the operating substation SS No. 3
of the voltage class 150 kV in the south of Ukraine

Table 3
Comparison of experimental and calculated
value of the touch voltage

. Conditional Experimental | Calculated Fall into the
Object results results .
name | ame of the U U definition

equipment |U, mV| R, Q mV | mV range U,
QS-1 20 273 [21.40|16.10 +
QS-2 19 92 |21.40|18.40 +
SS QS-3 30 130 |30.50{25.40 +
No. 1 QS-4 18 213 |19.90(14.00 +
QS-5 35 162 (51.35{32.50 +
QS-6 42 114 |58.00{41.90 +
QS-1 33 38 |34.6|19.5 +
QS-2 17 42 |124.0] 16.2 +
SS QS-3 16 61 203|152 +
No. 2 QS-4 13 87 215|157 —
QS-5 24 123 [ 31.1]23.1 +
QS-6 38 116 |61.4| 36.5 +
QS-1 95 266 |97.5]78.13 +
QS-2 117 | 239 |120.1]85.20 +

SS QS-3 99 315 [99.3 [65.60 +

No. 3 QS-4 190 | 252 (238.4(129.70 +
QS-5 60 298 | 70.8 [56.60 +
QS-6 107 | 1169 |259.0(106.80 +

Table 4
Input data to calculate the touch voltage

Parameter: S5 S5 S5
No. 1 No. 2 No. 3
HG cross section, mm }2)32(61 Z(E)lzj S?g
p1, Q'm 92.5 42 150
P2, Q'm 61 3,3 43
p3, Q'm 13 22 12
h;, m 0.9 0.3 0.3
hy, m 3.2 5.3 9.8
Measuring current /;, A 476 4.76 476

In order to take into account this, it is necessary to
carry out additional research with the introduction of the
corresponding results into the calculation model.
However, the proximity of the experimental value to the
calculated one for this point and the fall into the
calculated range for other points makes it possible to
conclude that the model for the GD of this substation is
adequate.

Thus, the total fall in the calculated range is
observed in 17 points of 18, which is 94.4 %.

The results of the performed research confirm the
adequacy of the developed method of calculating the GD
based on the three-layer soil model, the experimental
value of the touch voltage obtained at simulating a single-
phase ground fault on the real GDs that are in service.

Conclusions.

1. The adequacy of the method of calculation of the
normalized parameters of the grounding device based on
the three-layer soil model is substantiated by comparing
the results of experimental research for the operating
high-voltage power facilities of Ukraine with the
calculation results.

2. It is shown that the developed method of calculation
allows to improve the accuracy of the determination of
normalized parameters of grounding devices. In this case,
the average error of determining the resistance of
grounding devices does not exceed 10 %, and when
determining the touch voltage, the fall in the calculated
range is recorded for 94 % of the experimental points.

3. The obtained results allow to use the developed method
of calculation for the creation of software tools for
determining the normalized parameters of grounding devices
of arbitrary configuration located in a three layer soil.
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