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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE
AND TECHNIQUE. PART 42: ELECTRONICS: RETROSPECTIVE VIEW, SUCCESSES
AND PROSPECTS OF ITS DEVELOPMENT

Purpose. Preparation of brief scientific and technical review about sources, retrospective view, basic stages, achievements,
problems, trends and prospects of development of world electronics for period of 20th-21st centuries. Methodology. Known
scientific methods of collection, analysis and analytical treatment of the opened scientific and technical information of world
level in area of a vacuum electronics, semiconductor electronics, vacuum microelectronics and nanoelectronics, and also
optical electronics. Results. A brief analytical scientific and technical review is resulted about the primary and present states,
achievements, trends and prospects of development of electronics in the developed countries of the world. From positions of
approach of the systems advantages and lacks of semiconductor microelectronics are described as compared to a vacuum
electronics. Considerable progress is marked in development of semiconductor element base (microtransistors,
microprocessors, microcontrollers and other) for creation of different electronic devices and computing engineering.
Information, touching the determining deposit of electronic companies of the «Silicon Valley» in the USA in providing of
technological breach in area of modern microelectronics, production of computers and their microprocessors, software and
creation of devices of mobile communication development, is resulted. The basic problems of space microelectronics are
affected. The possible ways of further development are indicated in the world of electronics, including vacuum
microelectronics and nanoelectronics, and also optical electronics. The special attention is turned for urgent development of
high-efficiency protective facilities specialists against cyber attacks hackers on the computer systems. In a review an accent is
done on the sharp necessity of acceptance the proper services of drastic measures for a fight with cyber terrorism. Originality.
Systematization of the scientific and technical materials touching world history of development and creation of modern
element base of a vacuum electronics and semiconductor microelectronics known from the sources opened in outer
informative space is executed. Possible new perspective directions of development in the modern world of microelectronics are
formulated. Practical value. Popularization and deepening for students, engineer and technical specialists and research
workers of front-rank scientific and technical knowledge in the topical area of development, creation and application in the
modern technique of the different setting of high-computer-integrated electronic devices, extending their scientific range of
interests and further development of scientific and technical progress in society. References 34, figures 22.

Key words: vacuum electronics, radio lamp, solid state microelectronics, transistor, integrated circuit, microprocessor,
vacuum integrated circuit, vacuum microelectronics and nanoelectronics, trends and prospects of electronics development.

Ilpuseden Hayuno-mexnuueckuii 0030p o0 pempocneKkmuee, ycnexax, MEHOCHUUAX U NEPCHEKMUGAX PAZGUMUA MUDPOGOIL
anekmponuku. Paccmompenvt ocnognvie smanvt pazeumus INEKMPOHUKU, CEA3AHHbLIE C U300pemeHuemM paouoiamnbl,
mpan3ucmopa, UHMeZPanbHOU CcXemMbl U GbICOKOUHMEZPUPOBGANHO20 MuKponpoyeccopa. Ommeuen 6Kna0 3I1eKMPOHHBIX
komnanuii «Kpemnueeoii oonunwvty CLLIA ¢ mexnonozuueckuii npopvlé é mMukpodiekmponuxe. Onucano cocmosaunue pabom 6
oonacmu eaKyymMHoi MUKpOINeKMPOHUKU U HaHoITeKmporuku. bubn. 34, puc. 22.

Kniouesvie cnosa: BakyyMHasi 3J1eKTPOHMKA, PaJHO0/1aMIIa, TBEPAOTEIbHAS MHKPO3/JIeKTPOHHKA, TPAH3UCTOP, HHTErpajlbHasi
cXeMa, MHKpPONpOLEeCcCcOop, BAKYYMHAasi HMHTErpAbHAsg CXeMa, BAKYYMHass MHKPOJJICKTPOHMKA H HAHOJJIEKTPOHHKA,
TeHJCHIUH U NEePCHEKTUBBI Pa3BUTHSA YJIEKTPOHUKH.

Introduction. For mankind in the 20th century, the  example, objects of the nature of the planet Earth, the

time came when the further development of scientific
and technological progress in society became
unthinkable without electronics. As is known, by
«electronics» we mean that area of science and
technology that covers the study and practical use of
electronic and ionic phenomena occurring in vacuum,
gases, liquids, solids and plasmas, and also on their
boundaries [1]. That is why electronics is engaged in the
study of the interaction of electrons and ions with
electromagnetic fields and methods of creating
electronic devices for the conversion of electromagnetic
energy mainly for the transmission, reception,
processing and storage of information [2]. Electronics
has become the basis of modern automation, radio
engineering, electrical engineering, energy, cybernetics,
information technology and other important scientific
and technical fields of knowledge. Without electronics,
research at a high scientific level in the field of the
microworld (for example, plant and animal cells, atoms
and molecules of matter), and the macrocosm (for

secrets of near and far space) have become impossible.
Without extensive use of electronics, they do not do
without the development and creation of most complex
military and civilian facilities (for example, aircraft,
rocket and space technology, power stations, audio,
television, and video equipment, etc.). Electronics and
its successes in all industrialized countries of the world
are given increased attention. According to the level of
development in the country of electronics and,
accordingly, the electronic industry, experts make a
reasoned assessment of its scientific and technical
potential and economic opportunities in the medium and
long term [2]. The emergence of electronics was
preceded by the invention at the end of the 19th century
(May 7, 1895) by our former compatriot, Professor of
Physics Department of the St. Petersburg Electrical
Engineering Institute A.S. Popov (1859-1906) wireless
radio communication [2, 3]. We would like to point out
that the remarkable achievements of the talented Italian
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engineer and businessman G. Marconi (1874-1937)
awarded in 1909 by the Nobel Prize in Physics [4]
contributed to the significant development in the world
of radio communications. Radio and radio transmitters
immediately found application in military affairs and,
first of all, in the Navy [2, 3]. It was then that for
practical implementation of actual applied radio
engineering tasks, a corresponding elemental base was
required, and the study and creation of which was done
in detail by electronics.

The goal of the paper is the preparation of a brief
scientific and technical review on the sources, main
stages, achievements, current trends and prospects of
development in the electronics world on the basis of
published in open press materials.

1. The stage of the birth of electronics and the
invention of a radio lamp. The creation and
development of the elemental electronics base in the
world actually began with the invention of an electronic
lamp (EL) in the early 20th century. So, in 1904, John
Fleming received a British patent for «4 device for the
conversion of alternating current into direct current» [2,
5]. It was this two-electrode vacuum device - the diode
and served as the opening on the Earth of the age of
electronics. Therefore, this electronics is usually called
«vacuum electronics» [5]. EL or simply a radio lamp is
known to be an electrovacuum device that operates by
controlling the intensity of the flow of free electrons
moving inside a vacuumed sealed glass cylinder
between the metal electrodes. These electrons in EL
arise because of the phenomenon of their thermionic
emission from the surface of a metal cathode heated by
direct (alternating) heating current to high temperature
(about (800-3000) °C) [2, 5]. It should be noted that the
author of the discovery of the phenomenon of
thermionic emission from a hot electrode is the famous
American electrical engineer and inventor Thomas
Edison (1847-1931), who in 1883, in experimental
studies, as far as possible, to increase the lifetime of a
light bulb containing a carbon filament in a pumped
glass flask, recorded the passage of an electric current in
a vacuum from the filament of a lamp to a flat metal
electrode located near a given filament [5]. Then the
importance of the significance of this seemingly local
electrophysical phenomenon, but as it turned out in the
future of a fundamental scientific discovery, he did not
fully understand. But as an experienced inventor, just in
case, he still patented it in the US. Over time, it was this
discovery that became the basis for the operation of all
types of EL and, in fact, the basis for all vacuum
electronics up to the creation of semiconductor devices.
J. Fleming used this «Edison effect» when creating his
electrovacuum diode, which played a prominent role in
the history of radio engineering. The main drawback of
the Fleming diode was its inability to amplify electrical
signals. In 1906, an American engineer Lee de Forest
introduced a third electrode to the EL in the form of a
control metal grid and invented in this way an
electrovacuum triode shown below in Fig. 1 [5, 6].

e —
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Fig. 1. General view of the triode created by Lee de Forest [5, 6]

The «Forest triode» became the first amplifying
lamp and the basis for further improvement of EL with a
heated cathode [7]. This EL due to the supply of its
control electrode of an alternating electric potential could
work as an amplifier of electromagnetic oscillations [7].
In 1913, based on the «Forest triode «, the first
autogenerator was created [5, 7]. A major contribution to
these pioneering developments for the needs of radio
engineering with the use of a tube triode for the
generation of electromagnetic oscillations was made by
A. Meissner [8]. EL and the lamp amplifiers created on
their basis became actively used on radio stations. Under
the leadership of the well-known Russian radio engineer
M.A. Bonch-Bruevich (1888-1940) at the Nizhny
Novgorod Radio Laboratory in 1919 the first Russian
radio lamp was created, called «Babushka»
(«Grandmother») (Fig. 2) [9].

‘}

Fig. 2. General view of the first Russian powerful radio lamp
«Babushka» («Grandmother») (Nizhny Novgorod Radio
Laboratory, 1919) [9]

Later on, after tube diodes and triodes, such types of
EL were created: [7] tetrodes (1913), pentodes (1929, Fig.
3), hexodes (1932), heptodes, octodes and nonods. These
types of EL differ in design from each other, primarily by
the number of metal grids (from two to seven) [5, 7]. ELs
using a filament inside the cathode are called indirectly
incandescent lamps, and ELs made with a filament in the
form of the cathode itself have been called direct-burning
lamps. EL cathodes, as a rule, are activated by metals
having a small work function of electrons. In EL direct
heating for this purpose, radioactive thorium is used, and
in indirect filament lamps - barium [7]. On the inner
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surface of the EL glass, one can see a brilliant coating-
getter intended for the adsorption of residual gases in its
internal vacuumed volume and the indication of the
vacuum in it (when the air enters the EL, the getter
becomes white [7]). The peak of «flowering» in the world
of vacuum electronics came in 1930-1950.

Fig. 3. External view of individual elements of the modern
electrovacuum pentode (from left to right: filament, heated
cathode, three metal grids, anode, at the top of the mentioned EL

elements - details of their attachment) [7]

We point out that in 1913 G. Marconi patented the
construction of the anode of a radio lamp in the form of a
hollow metal cylinder of various configurations
surrounding an internal coaxially placed cathode [7]. In
this regard, EL already in the 1930s almost acquired the
external view that it now has (Fig. 4). In high-power radio
tubes with a high current density of the cathode, purely
metallic cathodes perform their refractory tungsten. The
anodes in such ELs are most often made in the shape of a
box (see Fig. 3, 4) surrounding the cathode and the grid,
from nickel or molybdenum (sometimes from tantalum)
[7]. The grid in EL is a lattice (see Fig. 2) or a spiral made
from a thin refractory metal wire wound around the
cathode. A slight change in the difference between the
electrical potentials between the control grid and the
cathode leads to large changes in the anode current in the
external circuit of the EL.

Fig. 4. General view of a modern vacuum radio lamp [7]

Let us pint out the advantages and disadvantages of
tube electronic amplifiers using radio tubes in their
circuits. The main advantages of amplifiers on EL should
be attributed [6, 7]:

e simplicity of circuits (in tube amplifiers, in
comparison with semiconductor amplifiers an order of
magnitude smaller than composite elements and parts, EL
provide more amplification than transistors);

e high reliability in operation (the output parameters
of EL depend little on external factors such as
temperature, pressure, optical and ionizing radiation, EL
are insensitive to electric overloads in their circuits);

e good compatibility with the load (lamp stages have a
large input resistance, which helps reduce the number of
active elements in the amplifier and reduce losses on
them);

e case of maintenance (with the failure of the EL it is
much easier to replace than the transistor);

e absence at their output of certain types of distortion
inherent in transistor cascades.

The main disadvantages of electronic amplifiers on
radio tubes include the following [6, 7]:

e relatively low efficiency (in used ELs, in addition to
powering the anode, it is required to heat the cathode due
to the filament, which leads to additional costs of
electricity);

e greater inertia in preparation for operation (all EL
require preheating);

e certain limitations on safety in their operation
(electronic circuits using EL require the use of voltage in
their circuits, which is hundreds and thousands of Volts);

e limited lifetime (over time, the cathode EL loses its
emissive properties in the emission of free electrons, a
relatively high probability of burning the cathode filament
EL);

o fragility of their EL with a glass cylinder.

Despite these disadvantages, ELs continue to be
actively used and at present when creating electronic
circuits of the following techniques [7]:

e powerful broadcasting transmitters having an output
power from hundreds of Watts to several Megawatts
(electronic circuits of such radio devices use powerful and
super-power radiolamps with air or water cooling and a
filament current in EL cathode circuits of 100 A and
more);

e objects of military equipment that are resistant to the
damaging effect of a powerful electromagnetic pulse of
natural (from lightning discharges) and artificial (from
nuclear explosions) origin;

e rocket and space technology exposed to long-term
exposure to radiation fluxes when flying in open space
conditions (the radiation degradation of semiconductors
limits their use in spacecraft electronics);

¢ high-quality audio equipment.

Note that the introduction of any gas in the EL
degrades its technical characteristics. Nevertheless, radio
engineering practice required gas discharge devices in
which the control of their electrical ion current is carried
out by the voltage applied to their metal electrodes. Such
ion devices have been called «thyratrons» one of whose
representatives is shown in Fig. 5.

The thyratron is a sealed glass cylinder filled with a
gas (usually an inert gas, hydrogen or mercury vapor) and
containing at least three electrodes - a cathode, an anode
and a grid - inside it [10]. The grid in the thyratron is used
to ignite a gas discharge in the space between the cathode
and the anode. For this purpose, a high impulse voltage is
applied to it from the power supply. The ionized gas
(plasma) arising from this electric spark discharge in the
closed thyratron volume conducts an electron-ion current
between the cathode and the anode. In this way a three-
electrode gas-discharge thyratron switches on and off the
pulse current in its anode circuit. In high-current circuits
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of high-voltage pulse technology using powerful
capacitive energy storage (CES) to supply high pulsed
currents (HPC) of the nano and microsecond range to
electrical loads, three-electrode electronic devices that
were termed «trigatrons» were widely used [11]. Usually
their working chamber is filled with a gas dielectric (Fig.
6). More rarely it is filled with a liquid dielectric.
Trigatrons are one of the varieties of a controlled spark
switch [12].

Fig. 5. General view of a large hydrogen thyratron used in pulse
electrical circuits of modern radars
(manufactured by General Electric, USA) [10]

Fig. 6. General view of the powerful trigatron type
CV100[11]

Trigatrons use a cold cathode. A microsecond
voltage pulse with an amplitude of up to 100 kV is
applied to their control (initiating) electrode (an analog of
the grid in thyratrons) from the generator of igniting
electrical signals, causing the appearance of one of its
main spark-discharge electrodes in the local zone and,
accordingly, the initial ionization of the plasma channel of
the gaseous dielectric surrounding it. As a result of a
sharp decrease in the electrical strength of its main
insulating gap between the cathode and the anode of the
trigatron, an electric breakdown of the working dielectric

medium takes place and, accordingly, a discharge of the
previously charged CES to the load. The amplitudes of
commutated trigatrons of HPC range from tens to
thousands of kiloamperes [11, 12]. This type of electronic
devices is also used as high-current high-voltage switches
in the discharge circuits of generators of high and
ultrahigh impulse voltages, performed according to the
classical Arkadyev-Marx scheme, in high-voltage devices
of high-current accelerators of charged particles and
electrodynamic guns [11, 12].

A successful combination of controlled spark
switches - trigatrons and thyratrons have become such
gas-filled lamps with a cold cathode as «krytrons» [13].
The krytrons (Fig. 7) are characterized by a fast switching
on of the electric circuit in order to transmit a powerful
signal with high current and high voltage through it. The
first samples of krytrons were created in the USA by the
firm EG&G Corporation for transmitters of military
aircraft radars [13].

Fig. 7. General view of the krytron-key type KN2 «Krytron»
(manufactured by EG&G Corporation, USA) [13]

Unlike most gas discharge devices, in krytrons an
electric arc discharge is used to initiate a high-current
spark discharge between the cathode and the anode of
these gas-filled lamps. In this connection, the krytrons
have four electrodes: two main or main (cathode and
anode), a grid and a keep-alive electrode [13]. In the
krytron, the keep-alive electrode to which a small
positive-polarity voltage is applied is located next to the
cathode, which has a negative electric potential. A high
commutated voltage in the krytron is applied to the anode.
After the appearance of an electric arc discharge between
the keep-alive electrode and the cathode and the initial
ionization in this local gas zone, a positive voltage pulse
is applied to the control grid in its glass mesh balloon,
resulting in a high-current electric spark discharge
between the anode and the cathode of the krytron [13].
Electrical breakdown of the insulating gap between the
anode and the cathode of the krytron and ensures fast
switching of its high-current circuit with load. To
facilitate the ionization of the gas of the krytron, an
isotope of radioactive nickel-63 emitting f-rays
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(electrons) is placed in its glass cylinder [13]. The
krytrons created in the second half of the 1940s were used
in industrial pyrotechnics and nuclear technology (for
example, in high-current control circuits for the operation
of electric nuclear detonators [13]) because of their stably
high impulse responses compared to semiconductor
devices. In connection with the possibility of using
krytrons in electric circuits for the detonation of nuclear
munitions [13, 14], very strict export restrictions have
long been imposed on their export from the United States.
At present, the American Company «Perkin-Elmer
Components» produces gas-filled and vacuum krytron-
keys [13]. The vacuum version of the krytron
(«sprytron») can operate under conditions of high
radiation, when the semiconductor technology is working
incorrectly and fails. In conclusion of this section devoted
to ELs, let us dwell on such a gas-discharge device as a
«xenon arc lampy» [15]. This lamp (Fig. 8) is a powerful
source of artificial light, close in its spectral composition
to daylight.

Fig 8. General view of a 15 kW xenon arc lamp
used in a modern IMAX projector [15]

In this lamp, the electric arc brightly shines in a
glass bottle filled with xenon. Its cylinder is made of heat-
resistant quartz glass. The cathode and anode in such a
lamp are tungsten electrodes doped with radioactive
thorium to reduce the work function of electrons from
them. The balloon is initially evacuated, and then xenon is
fed into it. Pulsed xenon flashbulbs contain a third control
electrode surrounding its glass cylinder [15].

2. The stage of development of microelectronics
and the invention of a transistor. Electronic devices
built on EL had such two significant drawbacks as: large
weight dimensions and high levels of consumed electric
power (energy) [2, 8]. These shortcomings were critical
for the creation of computers, portable electronic devices,
electronics for aviation and rocket and space technology.
Therefore, semiconductor devices were objectively
created and developed. The underlying electronics was
called «solid state electronics» [2, 8]. Element base of
this electronics at the initial stage of its occurrence began
to be based on transistors and semiconductor diodes. As is
known, a transistor is a semiconductor triode (Fig. 9)
which is capable of controlling a significant current from
its small input signal in its output circuit. This property of
the transistor allowed it to be used to amplify, generate,
switch and convert signals. Following the EL, the
transistor became the basis for the circuitry of most

electronic devices [16]. When and by whom was this
device created, which made a «revolution» in electronics?

I I I ! |':|' |"| j ]i ! .
1 | | |
| | | | |
) BN
Fig. 9. General view of bipolar transistors of various designs
using three electrodes on a single semiconductor crystal — the

base, the control electrode — the emitter and the controlled
electrode — the collector) [16, 17]

4
Ras
, .

From the history of the invention of the transistor, it
is known that since 1936 in the USA in the experimental
development department of Bell Telephone Laboratories
of a large Company American Telephone and Telegraph
under the leadership of Joseph Becker, work was done to
create solid-state amplifiers of electrical signals [17].
Until 1941 (before the start of World War II) it was not
possible to produce a semiconductor amplifying device in
Bell Labs. In 1945, after the war, under the leadership of
theoretical physicist William Shockley in this laboratory,
the research related to the creation of a field-effect
transistor was resumed. After two years of failure,
experimental physicist Walter Brattain working on
December 16, 1947 with a germanium crystal
unexpectedly received a steady amplification of the signal
[17]. His subsequent research with theoretical physicist
John Bardeen showed that they, in fact, invented a
semiconductor triode, later called a «bipolar transistor.»
Fig. 10 shows the external view of the investigated model
of this transistor [17].

For the reader it is required to give a little
explanation about the field (unipolar) and bipolar
transistors. The «field effect transistor» uses a
semiconductor (for example, a germanium or silicon
crystal) of only one type of conductivity, having a thin
channel, which is affected by the electric field of the gate
electrode isolated from the channel [16]. A field-effect
transistor, unlike a bipolar triode, is controlled not by
current, but by the voltage applied to its gate. In the
«bipolar transistor» semiconductors with both types of
conductivity are used. It works by the interaction of two
p-n junctions closely spaced on a single semiconductor
crystal and is controlled by a change in the current
through the base-emitter junction [16]. The output of its
emitter is usually common for the control and output
currents [3]. Do this so that in circuits with the use of a
transistor it would be possible to gain amplification not
only by voltage, but also by current. In addition, it should
be pointed out that the scientific discovery of the p-n
junction in crystalline silicon was made in 1940 by the
employees of the American laboratory «Bell Labs»
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Russell Ol and John Scuff [17]. These solid-state
physicists have established that doping the surface of a
silicon crystal with boron atoms leads to its positive p-
conductivity, and phosphorus atoms to its negative n-
conductivity. Thus, p-type silicon and n-type silicon were
invented, which played a huge role in the development of
solid-state electronics [17]. In this regard, it should be
noted that in 1941, regardless of US physicists, the
Ukrainian physicist V.E. Lashkaryov developed the
theory of «blocking layer» and injection of charge carriers
at the interface between copper and cuprous oxide [17].
The two types of conductivity found experimentally by
means of a thermosonde in a copper-oxide element
indicated the presence of a transition layer between them,
which prevents the passage of current [17].

i : e — il
Fig. 10. External view of the modern layout of the transistor
By J. Bardeen and W. Brattain (its original is not preserved) [17]

. =

On December 23, 1947, a presentation of the
existing original layout (see Fig. 10) of a new
semiconductor product — a bipolar transistor to the
leadership of the Bell Labs laboratory [17] was held. It
is this date that is considered the birthday of the
transistor. Having learned about this success of his
colleagues, W. Shockley re-connects to semiconductor
research and in a short time creates the theory of a
bipolar transistor [17]. Fig. 11 shows the American
scientists who discovered the transistor effect [17]. Note
that at the end of June 1948 in the US Company where
the first bipolar transistor was working the first radio
transistor was manufactured [17]. However, the world
sensation due to the invention in the US and the radio
technical use of the transistor at that time did not take
place. This was due to the fact that the first point-to-
point transistors, in comparison with EL, had low output
characteristics. Only in 1956 the scientific discovery of
American researchers W. Brattain, J. Bardeen and W.
Shockley was appreciated by the Swedish Academy of
Sciences for its worth: its authors for the
«semiconductor research and discovery of the transistor
effect» were awarded the Nobel Prize in physics [4].

N r 3 -b' - i

Fig. 11. Future Nobel Prize Laureates in Physics at the Bell Labs

Laboratory (from left to right: John Bardeen, William Shockley
and Walter Brattain, USA, 1948) [17]

We point out that the first point-like transistors,
despite their small size and economy, were distinguished
by a high noise level in useful electrical signals, low
power, instability of the characteristics in time, and a
strong dependence of the output parameters on
temperature [17]. A point transistor, the zones of two p-n
junctions closely spaced from each other in which a
single-crystal germanium was performed on a single
crystal, was sensitive to mechanical shocks and vibrations
due to its nonmonolithicity. In 1951, the first flat bipolar
transistor was constructed, constructively representing a
monolithic germanium crystal [17]. At the same time, the
first transistors on a silicon crystal appeared (Fig. 12).
The output characteristics of such bipolar transistors
began to compete successfully with EL parameters [17].

Fig. 12. General view of monocrystalline silicon grown
in vacuum by technologists in materials science [18]

Bipolar transistors p-n-p (direct conductivity) and n-
p-n (inverse conductivity) are known [19]. These
transistors, in addition to the basic semiconductor material
used most often in the form of a single crystal (a thin flat
element from the large single crystal shown in Fig. 12),
contain in their construction alloying additives (usually
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boron or phosphorus) to the base semiconductor, metal
leads of the base, emitter and collector as well as the body
(metal or ceramic) with insulating parts (see Fig. 9) [17].
The main types of semiconductors in them were silicon,
germanium and gallium arsenide. We will point out that
in bipolar transistors the charge carriers move from the
emitter through a thin base to the collector. The base is
separated from the emitter and collector by p-n junctions.
Current flows through this type of transistor only when
charge carriers are injected from its emitter into the base
through the corresponding p-n junction. In the base they
are not the main charge carriers and easily penetrate
through its other p-n junction between the base and the
collector. In the base of the transistor the charge carriers
move due to the diffusion mechanism. In this regard, it
should be fairly thin. The current control between the
emitter and the collector of the bipolar transistor is
performed by changing the voltage between the base and
the emitter, on which the conditions for injecting charge
carriers into the base depend [17, 19].

As for the history of the creation of field-effect
transistors, we mnote that for the first time the
electrophysical idea of control (regulation) in a
semiconductor triode with an isolated gate electrode by a
flux of main charge carriers (electrons) was expressed by
J. Lilienfeld (US Patent No. 1745175 of 28.01.1930 )
[20]. However, the difficulties encountered in realizing
this idea in practice made it possible to create the first
operating field-effect transistor only in 1960. In 1966,
Carver Mead, by shunting the electrodes of such a
semiconductor device with Schottky diode, substantially
improved the design of the field-effect transistor [20].
Field-effect transistors are classified into devices with a
gate in the form of a p-n junction and with an isolated
gate. The last transistors have received in electronics the

name of MDS-transistors («metal-dielectric-
semiconductor») [20]. Sometimes, MDS-transistors are
also called MOS transistors («metal-oxide-

semiconductor»). In addition, field-effect transistors with
an isolated gate are divided into instruments with a built-
in channel and devices with an induced channel [20]. We
will point out that the channel in these transistors is the
region through which the flow of their main charge
carriers-electrons passes. The electrodes of field-effect
transistors have the following names [20]: source — an
electrode, from which the main charge carriers enter the
channel; drain — an electrode through which the main
charge carriers leave the channel; gate— an electrode that
serves to regulate the cross section of the channel. The
conductivity of the channel under consideration can be
either of the n-type or of the p-type. In this regard, the
type of channel conductivity distinguishes between field-
effect transistors with an n-channel and a p-channel. In a
field-effect MOS transistor containing one semiconductor
crystal (substrate), the current flows from the source
electrode deposited on the highly doped region of the n-
conductivity semiconductor crystal substrate to the drain
electrode deposited on the heavily doped region of the
semiconductor substrate with p-conductivity, through a
channel located under the gate electrode. The distance
between heavily doped source and drain regions is of the
order of one micron. The surface of the semiconductor

crystal between the source and the drain is covered with a
thin layer (about 0.1 um thick) of the dielectric. For a
silicon crystal, SiO, is used as this dielectric, grown on
the surface of a silicon crystal by its high-temperature
oxidation [20]. A metal gate electrode is applied to the
dielectric layer between the source and the drain. The
channel exists in the doped parts of the semiconductor
crystal substrate in the gap between the gate and the
undoped semiconductor substrate, in which there are no
charge carriers. Therefore, it (the substrate) can not
conduct a current. Under the shutter, there is a depletion
region, in which there are also no charge carriers, due to
the formation of a Schottky contact between the doped
region of the semiconductor crystal and the metal gate of
the Schottky contact [20]. It turns out that in this type of
field-effect transistor, the width of the channel is limited
by the space between the substrate and the depletion
region. The voltage applied to the gate increases or
decreases the width of the depletion region of the device
in question and thereby adjusts (changes) the channel
width of such a transistor. In this way the current passing
through its channel changes in this device.

In a field-effect transistor with a control p-n
junction, a plate-crystal made of a semiconductor (for
example, with n-conductivity) is used, at the opposite
ends of which there is an electrode-source and an
electrode-drain included in the controlled circuit of the
device. Between these electrodes, a control gate electrode
is placed on a region of a semiconductor with a different
conductivity (for example, with p-conductivity). The
power supply included in the input circuit of the device
creates on its only p-n junction a reverse voltage. In the
input circuit of such a transistor, the source of amplified
signals is also included. When the input voltage changes
on the gate, the reverse voltage on the p-n junction also
changes. In our case, this will lead to a change in the
thickness and, correspondingly, the cross-sectional area of
the depletion layer region in the n-channel field-effect
transistor through which the main carriers (electrons) flow
[20]. By varying the cross-sectional dimensions of this
channel, a current change is achieved in the output circuit
of this type of semiconductor triode.

The main advantages of semiconductor triodes over
vacuum ELs are [16, 17]:

e small size and weight, contributing to the wide
development of miniature electronic devices;

e low cost, caused by automation of production and
technological processes;

e low voltage level, which facilitates the use of
transistors in small electronic devices, powered by
batteries;

e absence of additional time to warm up their
electrodes after switching on the device;

e low power dissipation (energy) indicators, which
contribute to improving the energy efficiency of
transistors and devices in general;

e high reliability in operation and great mechanical
strength to shock loads and vibrations of individual
semiconductor triodes and an electronic device as a whole
containing a huge number of similar semiconductor
devices;
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e long service life, counted by dozens of years of
continuous operation as part of the device;

e possibility of combination in work with additional
electronic circuits and devices.

The main disadvantages of transistors in comparison
with vacuum ELs are [17, 21]:

e operating voltage for transistors using crystalline
silicon does not exceed 1 kV (when switching circuits
with voltages greater than 1 kV, IGBT-transistors are now
used);

e use of transistors in high-power broadcasting and
microwave transmitters is technically and economically
impractical ~ (using  high-power  generator tubes,
magnetrons, klystrons and moving-wave tubes for this
purpose provides a better combination of high
frequencies, high power and acceptable cost);

e transistors in comparison with EL are more
vulnerable to the impact of such a damaging nuclear
weapon as a powerful electromagnetic pulse;

e increased sensitivity to the damaging effects of
radiation and cosmic radiation.

Note that the input impedance for field-effect
MDS- transistors using an isolated gate electrode can be
values that vary in the range (10'°-10'*) Q. In field-
effect transistors with a control p-n junction, these
parameters are (10’-10%) Q [20]. High input impedances
for field-effect transistors make it possible to use them
when creating high-precision electronic  devices
operating at low voltage with low energy consumption
(for example, electronic clocks). A hybrid type IGBT
transistor, combining the properties of bipolar and field-
effect transistors, can be wused in high-voltage
technology [8, 20].

Over time, transistors have replaced vacuum EL
throughout the world in most electronic devices. These
semiconductor devices radically changed all electronics of
our world. They became the element base on which
«microelectronics» arose and integrated circuits and high-
speed computers were created [22]. At the beginning of
the 21st century, transistors became the most massive
product produced by mankind. Note that in 2013 for every
inhabitant of the planet Earth electronic industry of the
world was released about 15 billion transistors, most of
which were part of integrated circuits [16, 17].

3. Intermediate stage of development of
microelectronics and the invention of an integrated
microcircuit. We point out that in April 1954 the
employee of the American Company Texas Instruments
Gordon Teal manufactured the first silicon bipolar
transistor. Until 1957, this US Company was the only
supplier of silicon transistors in the world market of
microelectronics [17]. The invention by Karl Frosch in
the United States of the process of «wet» (using water
vapor) thermal oxidation of silicon in order to obtain a
thin SiO, layer on a semiconductor substrate made
possible the release in 1958 of the «Bell Labsy of the first
silicon MES transistors. In March 1959, Jean Ernie
created the first silicon planar transistor, in which the
meza-technology was replaced by a more promising
planar technology for manufacturing transistors. The
further development of the physics and technology of

semiconductors led to the fact that silicon practically
displaced germanium from microelectronics, and the
planar process became the main technology of
manufacturing transistors in the electronics world and
made it possible to create monolithic integrated circuits
(ICs) [17, 23]. The IC (Fig. 13) is an electronic scheme of
arbitrary complexity made on a semiconductor substrate
(crystal plate or film) and placed in a non-separable
plastic (ceramic) housing [21, 23].
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Fig. 13. External view of the IC used in space microelectronics
with an increased level of radiation [21]

The vast majority of the IC in the world is
manufactured in cases (see Fig. 13, 14) and is intended for
their surface mounting on the boards of electronic
devices. We will point out that an insignificant part of the
IC, which is part of the microassemblies, is manufactured
without these enclosures. Often, IC is also called a «chip»
(from the English «chip» — «thin plate» [1]). British radio
engineer Geoffrey Dummer on May 7, 1952 first put
forward the idea of combining a set of standard electronic
components in one monolithic semiconductor crystal [23].
This progressive idea for a number of years because of the
insufficient level of development in the world of
technologies for the production of semiconductor devices
remained unrealized in practice. Only in the first half of
1959 there was a real breakthrough in the world
semiconductor technology, carried out in practice by three
practitioners from three private American Corporations
who successfully solved three fundamental problems for
the production of IC [23].
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Fig. 14. General views of case ICs of various design and
integration degree intended for surface mounting on electronic
device boards [23]
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So, American physicist and inventor Jack Kilby of
Texas Instruments patented the principle of combining
electronic components in IC with transistors made with
layered p-n-p or n-p-n junctions (US patent was issued in
1964) [23, 24]. It should be noted that in 2000 J. Kilby
(born in 1923) «for his contribution to the discovery of
the integrated circuit» was awarded the Nobel Prize in
physics [24]. Further, at this time, the American engineer
Kurt Legovec of the Sprague Electric Company invented
a method for electrical isolation of components formed on
a single semiconductor crystal (he proposed to use p-n
junctions as insulation) [23]. It was then that an American
specialist Robert Noyce from «Fairchild Semiconductor»
invented a method of electrically connecting the
components of an IC (due to their metallization with
aluminum) [23]. In addition, R. Noyce in those years
proposed an improved version of the isolation of
components of IC based on the latest planar technology
by Jean Hoerni. On September 27, 1960, the group of Jay
Last of Fairchild Semiconductor created the first
workable IC on the ideas of R. Noyce and J. Hoerni.

Note that, depending on the degree of integration of
electronic components in one semiconductor crystal
(usually silicon, germanium, gallium arsenide or hafnium
oxide), the following IC names are currently used [23]:

¢ small integrated microcircuit (MIMS), containing up
to 100 electronic components;

e medium integrated circuit containing up to 1000
electronic components;

e large integrated circuit containing up to 10,000
electronic components;

e ultra-large integrated circuit containing more than
10,000 electronic components (further increase of
electronic components in one chip with bringing their
number to 10° or more does not change the name of
this IC).

Let us emphasize the fact that, in fact, with the
invention of IC in electronics, its new section,
«microelectronics, objectively studying and
manufacturing electronic components objectively appeared,
whose linear geometric dimensions of the characteristic
elements became a few microns or less. The technological
process of manufacturing the IC as a semiconductor
element base in microelectronics has been continuously
improved and improved to this day [25]. This complicated
and complex process includes the sequence of a number of
technologies [25-27]: the production of high-purity
semiconductor materials, the manufacture of miniature
semiconductor elements (transistors, diodes, etc.), the
quality control of their manufacture, the assembly of these
electronic components and quality control of their
assembly. According to the requirements of «electronic
hygiene» in the working area of semiconductor wafer
processing and in the operations of assembling IC crystals
there should not be more than five dust particles with a size
of 0.5 pm in 1 liter of air [18]. In the production of IC, the
technology of doping a semiconductor crystal is used to
obtain p-n junctions and photolithography, realized with
the help of appropriate lithographic equipment. The
resolution (in pm or nm) of this equipment determines the
name of the specific technological process used in the

manufacture of IC. Reducing the size of semiconductor
structures in ICs leads to improved technical characteristics
of semiconductor devices (for example, to reduce their
power consumption, increase the operating frequency in
their electronic circuits, increase their speed, reduce their
cost, etc.) [28]. Therefore, the miniaturization of the
semiconductor element base of microelectronics has
become the main worldwide trend in the production of
various electronic devices. Below are the main stages of
development in the world of the technological process in
the manufacture of IC [23]:

stage with resolution (3-1.5) pm (1970s);

stage with a resolution of (0.8-0.5) um (1980s);

stage with resolution (350-130) nm (1990's);

stage with a resolution of (65-10) nm (2000's).

Let us note that in May 2011 Altera Company
produced the world's largest IC consisting of 3.9 billion
field-effect transistors [23], with the 28 nm resolution
technology production process. In 2012, the smallest
transistors in the IC contained a few atoms of matter. In
one processor of a modern computer, they can contain
more than a billion pieces. In the IC, electronic
components of conventional electronics such as resistors,
capacitors, inductors, diodes, transistors, insulators and
conductors are used [28]. Only these components are used
in the form of miniature devices made on a single
semiconductor chip (Fig. 15) in the integrated version. In
microelectronics, ICs are divided into digital, analog-
digital and analog. Moreover, digital ICs consist of
miniature transistors, and analog ICs contain miniature
resistors, capacitors and inductors. Modern digital
technology and the ICs used in it are mainly built on
field-effect MDS-transistors performed on a single silicon
crystal (chip). These transistors have become essentially a
«brick» for building circuits of logic, memory and
computer processors. The dimensions of modern MDS-
transistors are from 90 to 8 nm [28, 29]. At present, up to
several billion MDS-transistors can be located on a single
semiconductor chip with an area of up to 1 cm® [28].
According to Moore law («the number of transistors in
the IC is doubled for every 18 monthsy), a further increase
in the degree of integration of transistors on a single chip
is expected in the coming years [28].

Fig. 15. Thin round silicon plates with prefabricated
microcircuits before cutting them with a diamond microdisk into
individual crystals of a given semiconductor [28]
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4. The current stage of development of
microelectronics and the invention of a highly
integrated microprocessor. ICs have become the
backbone of processors (from Latin «processus» —
«advancement» [1]) which are the central part (the
«heart») of all computers performing the information
conversion programs specified by the program and
managing the entire computing process in an electronic
computer [28]. As is known, the «microprocessor» forms
the core of the computer (Fig. 16), in which additional
functions (for example, connections with its peripherals)
are performed using specially designed chipsets [23]. The
US Company Intel in 1971 was the first to manufacture
IC (Intel 4004) which served as a microprocessor [23].
Another American Company IBM based on the advanced
microprocessors 8088 and 8086 released their famous
personal computers PC/XT series [23]. In the first
computers, the number of chipset sets was up to hundreds
of pieces. In modern computers, their number does not
exceed three. Recently there has been a tendency of
gradual transfer of the functions of the chipset (memory
controller, etc.) to the microprocessor [23, 28].

Fig. 16. External view of the internal filling of the modern
microprocessor Apple of the US Company of the same name
(18]

In this regard, the microprocessor with built-in
operational and program memory devices, memory
controllers, input-output devices and other additional
functions is also called a «microcontroller» [28]. The
main feature of the microcontroller is the possibility of
programming the logic of its operation. The placement of
a whole microprocessor on a single chip of an extremely
large degree of integration (Fig. 17) containing hundreds
of millions of electronic components led to a significant
decrease in its cost [30]. The creation at the end of the
20th century of highly integrated microprocessors on a
single crystal determined their wide application in
personal computers.

At present microelectronics uses microprocessor
systems, which are functionally complete products
consisting of one or several microprocessors
(microcontrollers, Fig. 18) [30]. In modern electronic
devices, massively multi-core processors are also used
which are CPUs that contain two or more processing
cores on a single processor semiconductor (silicon)
crystal [30]. In such a processor, several of its cores are
integrated into one ultra-large integrated circuit. The

concept of a «multi-core electronic device» can also be
used to describe the operation of multi-core systems (for
example, Intel MIC [30]).

Fig. 17. General view of the silicon crystal of the
microprocessor 80486DX2 in the case for a personal computer
[30]

Fig. 18. External view of the modern microcontroller
Attiny2313-20PI of the American Company Atmel [30]

The microcontroller (from the English «controller»
[1]) is essentially an IC (see Fig. 18), designed to control
the operation of various electronic devices. It is, by and
large, a single-chip microcomputer. The first US patent
for a microcomputer or microcontroller was issued in
1971 to employees of the American Company Texas
Instruments, engineers M. Kochren and G. Boone [30].
They were the first to suggest not only a microprocessor
on a single semiconductor chip but also a memory with
digital I/O devices. In 1976, the American Company Intel
released the microcontroller i18048. In 1980, this
electronic Company created a microcontroller i8051, on
the silicon chip of which placed 128 thousand field-effect
transistors were placed. A successful set of peripherals,
the ability to flexibly select external and internal program
memory and an affordable price have ensured this
microcontroller success in the electronics market. To date,
there are more than 200 modifications of microcontrollers
compatible with 18051, produced by two dozen companies
in the world [30].

The continuous increase in the complexity of
microprocessors has led the world of electronics to the
fact that now one or more microprocessors are used as
computational elements in all electronic devices, starting
from a mobile phone and ending with mainframes and
supercomputers [30]. The achievements of mankind in the
exploration of outer space since the late 1960s are due to
the use of computer equipment on board space vehicles.
Thus, in the US NASA space program associated with the
first landing of a man on the Moon (July 20, 1969 [31]),
all on-board calculations for guidance, navigation and
control on the Apollo 11 spacecraft were provided to
small specialized microprocessors on a crystal of silicon
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of its on-board computer [30]. These electronic devices
were designed and manufactured by the new «young»
American Company Fairchild Semiconductor settled in
the promising technological area of the United States. At
the same time, another US company, Texas Instruments,
developed and manufactured germanium ICs for
Minuteman-2 intercontinental ballistic missiles [32].

4.1. The «Silicon Valley» of the United States and
a technological breakthrough in microelectronics. The
northern part of the state of California (near San
Francisco) which currently holds about half of the US
scientific and technical potential in the field of electronics
and computer technology was named «Silicon Valley»
[32]. It is the numerous electronic firms of the USA (Fig.
19) formed on the territory of the Silicon Valley, and
made a decisive contribution to the beginning of the rapid
development of world microelectronics in the 20th
century. It was with them that the process of widespread
use of ICs in military equipment and civilian technology
began [32].
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F. 19. General view of the buildings of some Companies that
are part of the largest technology center in the US [32]

The emergence and active development of this high-
tech center of the United States involves the concentration
in this area (with the unofficial capital of San Jose) of
leading American Universities, cities at a distance of less
than an hour from each other, major sources of financing
for new companies, and a Mediterranean-type climate . It
is commonly believed [32] that the founders of the Silicon
Valley were American scientists like William Shockley
(Fig. 20) and Frederick Terman (Fig. 21).
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Fig. 20. One of the founding fathers of the Silicon Valley in the
US State of California, Professor of Physics William Shockley
[32]

It was in this region of the USA that, since the
1960s, the active use of silicon began with the world's
most advanced production of semiconductor devices
(transistors and ICs). Here in 1956, one of the co-authors
of the discovery of the transistor effect, physicist W.
Shockley, moved and founded his Company Shockley
Semiconductor Laboratory in Mountain View which is
developing a new technology for the use of silicon in the
production of transistors [32]. Germanium by this time
has proved to be an expensive semiconductor material in
the production and not resistant to elevated temperatures.

Fig. 21. One of the founding fathers of the Silicon Valley
in the US State of California, Stanford University Electrical
Engineering Professor Frederick Terman [32]

The authoritarian style of the leadership of W.
Shockley and his enthusiasm for his own development of
a 4-layer semiconductor diode led to the fact that his eight
most talented physicists and specialists (the «Traitorous
Eight») left his Company and soon on the funds of his
sponsor Sherman Fairchild created a new electronic
Company, «Fairchild Semiconductor» [32]. For W.
Shockley and his business, this event had a deplorable
effect: soon the unprofitable Company «Shockley
Semiconductor Laboratory» ceased to exist, and its leader
was forced to leave for teaching as a Professor at the
nearby Stanford University of the United States. It is
important to note that W. Shockley, as the discoverer of
the transistor effect, and the author of the most important
work on the theory of semiconductors at the end of his
life, considered his contribution to genetics as his main
scientific achievement, paradoxically [32].

Fairchild Semiconductor Company, led by Robert
Noyce, adhered to a new progressive socio-technical
ideology: «Inventions in technology can change the
world». Each of her employees thought about their
personal contribution to the progress of microelectronics.
This company has a new corporate culture in the
development and production of semiconductor devices,
which includes a democratic leadership style and strict
labor discipline. Fairchild Semiconductor was a
successful US commercial project in the field of
microelectronics. It became the world leader in the field
of creation of transistors and ICs based on silicon crystals.
It was this company that laid the foundation for a number
of new electronic companies in the Silicon Valley. So,
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two of the indicated «Eight» (Gordon Moore and Robert
Noyce), having left the electronic Company Fairchild
Semiconductor have created a new Company Intel which
is engaged in the first stage with magnetic storage
devices. Then at Intel followed R. Noyce's invention of
the silicon IC and the creation on its basis of the first chip
microprocessor (1971) which in the future will became
the fundamental basis of all electronic devices of our time
[32]. By 1980, the avalanche division of electronic
companies in the Silicon Valley led to the creation of a
California high-tech park (cluster) comprising 65
companies engaged in the development and production of
computers and  their = components, especially
microprocessors, as well as software, mobile devices and
biotechnologies. As of 2006, Silicon Valley has become
the third technology center in the United States (after
New York and Washington) in the area of high
technology. About 386,000 highly qualified specialists
worked at this center at the indicated time, with an
average annual income of about USD 80,000 [32]. Joint
efforts of the Companies of the Silicon Valley in the 20th-
21st centuries have made a real technological
breakthrough in the field of microelectronics.

4.2. Nearest prospects, main trends and problems
in the development of world microelectronics. Now in
the world of electronics began to develop research on the
development and creation of new vacuum micro devices
on the basis of IC with field emission [33]. These new
semiconductor devices have ultrahigh speed, high
radiation resistance, low sensitivity to ambient
temperature and high efficiency. This electronics was
called «vacuum microelectronics», based on vacuum
integrated circuits.

4.2.1. Vacuum microelectronics. It is believed that
the functionality of vacuum IC will be significantly
different from the capabilities of existing ICs. Vacuum
microelectronics becomes one of the most important
directions in the development of microwave electronics
used in radar complexes, telecommunication devices and
information processing systems [33]. This is due to the
fact that traditional semiconductor technology is no
longer able to provide highly reliable transmission,
reception, storage and processing in real time of very
large volumes of information in conditions of extreme
environmental influences. For this reason, in the Ilast
decades in all the leading countries of the world intensive
work has been carried out related to the study of the
fundamental problems of vacuum microelectronics.

4.2.2. Vacuum nanoelectronics. In recent years,
experts are increasingly focusing on electronics, which
uses autoemission properties of carbon nanotubes (CNT).
This new section in electronics was called «vacuum
nanoelectronics» [33]. The main efforts in this field of
electronics are now directed at the development and
creation of flat screens of displays and TVs based on
CNT. In 2005, Motorola Company announced the
creation of a prototype display based on CNT. In 2006,
Samsung Corporation demonstrated its prototype display
on the basis of CNT, whose panel had a thickness of 30
mm [33]. It should be noted that in its development this
corporation successfully cooperates with the American
Company Carbon Nanotechnologies Inc., which supplies

it with the specified nanotubes. Apparently, it is not «far
off» the creation of flat panel TVs based on new
technology in electronics. According to [33], the problem
of the appearance in the everyday life of people of a
display spatially and energetically interfaced with the IC
is best solved by creating a flat cathodoluminescent
screen with an auto-electronic nanostructured cathode.
Therefore, we can say that vacuum microelectronics and
vacuum nanoelectronics allow creating fundamentally
new microwave vacuum lamps, as well as essentially new
and highly efficient flat cathodoluminescent displays [33].
4.2.3. New trends in the creation of IC. In recent
decades, the technology of fabricating high-mobility
electron transistors (HMETs), which are widely used in
microwave communication and radio observation devices,
has been rapidly developing. On the basis of the HMET,
both hybrid and monolithic microwave integrated circuits
are created. At the heart of the HMET operation is the
control of their conductive channel by means of a two-
dimensional electron gas, the region of which is created
under the contact of the gate electrode of the field-effect
transistor due to the use of a heterojunction and a very
thin dielectric spacer layer [20]. For the practical
implementation of ultra-large integrated circuits, ultra-
miniature field microtransistors are being created. They
are manufactured using nanotechnology with a geometric
resolution of equipment less than 100 nm. In such
semiconductor devices, the thickness of the gate dielectric
of the transistor reaches several atomic layers. Thanks to
this, in modern microprocessors of the American
Corporation Intel the number of electronic components
ranges from tens of millions to two billion pieces [20].
4.2.4. Space microelectronics. To microelectronics
intended for use in space and military purposes, there are
increased requirements for [21]: reliability of IC (both
semiconductor and shell), resistance to instantaneous
gamma and neutron radiation, resistance to a powerful
electromagnetic pulse of a nuclear explosion, stability to
vibrations and mechanical overloads, resistance to high
humidity and medium temperature (—40 °C to +125 °C).
The biggest problem of space microelectronics is the
protection of on-board electronic devices from the
damaging effect of heavy space charged particles on
them, which have a high energy, sufficient to «break
through» their IC through with the formation of a
powerful «train» of electric charges [21]. Fig. 22 shows a
modern ultra-large integrated circuit for use on artificial

-
\

Fig. 22. External view of a ultra-large integrated circuit in
cermet body intended for use in space [21]
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In addition, it should be noted that around our planet
there are two powerful belts of charged particles (the so-
called Van Allen radiation belts) [21]: one at an altitude
of about 4000 km, consisting of protons, and the other at
an altitude of about 17,000 km with an electron flux. The
level of cosmic radiation at altitudes (300-500) km above
the Earth, where satellites and spacecraft usually fly, such
that the annual dose of radiation there reaches 100 rad =
=1 J/kg = 1 Gray [34]. At altitudes of more than 1000
km, the annual dose of radiation can be 10,000 rads or
more [21]. For conventional commercial IMS, the
«lethal» dose of radiation is about 5000 rad. Therefore, in
a few months of flight in such space conditions,
conventional ICs will gain their «deadly» dose of
radiation and fail. In this connection, for special
spacecraft missions in high orbits (= 1000 km) and in
outer space, special radiation-resistant ICs are needed for
their electronic devices [21].

4.2.5. Optoelectronics. At the beginning of the 21st
century, the evolution of solid-state electronics in the
direction of miniaturization of electronic components
gradually stopped and is now practically stopped [2]. This
stop was predetermined by the attainment in this kind of
electronics of the minimum possible sizes of
semiconductor  transistors, conductors and other
components on a semiconductor crystal capable of
removing (dissipating) the heat released to them when
electric charges (current) flow through them and not be
destroyed. These geometric dimensions in microchips
reached units of nanometers, which led to the name of
technology for their production - nanotechnology [18]. In
this connection, it is possible that in the near future the
next stage in the evolution of the world electronics will be
«optoelectronics» in which a quantum quasiparticle
without a rest mass appears as a photon, a much more
mobile and less inertial in its physical nature, a
representative of the microworld than a free electron
(«a hole») in a semiconductor crystal of solid-state
electronics.

4.2.6. Cybersecurity. A world-class problem in
microelectronics is the provision of cybersecurity of
computer systems for both private and public Companies
and individual computers. In recent years, cyberattacks of
hackers around the world have acquired a massive and
systemic character. Simple and reliable protective
measures and solutions from such attacks in the field of
cybersecurity currently do not exist.

Conclusions.

1. The completed scientific and technical review of
development for the period of the 20th and 21st centuries
of world electronics testifies to the enormous
technological breakthrough of mankind in this very
complex field of knowledge aimed at serving society.
Electronics is on the «threshold» of new discoveries.

2. Electronics has penetrated almost all spheres of
human activity. The technosphere of earthlings simply
was not conceivable without electronic devices (for
example, computers, microprocessors, etc.). The
objective process of the development of our civilization
has led to the complete dependence of man on
electronics and on its scientific and technical
achievements. Electronics brought people many benefits

and amenities. But along with this, in the monopoly of
electronics for mankind lies a hidden threat. Intentional
or accidental inadvertent simultaneous failure of the
main and back-up electronic devices of control systems
at critical technical facilities (for example, nuclear
power plants, nuclear facilities and military centers for
strategic missile control) can lead to disastrous
consequences for large regions of the developed
countries of the world.

3. The problem of cybersecurity of electronic devices
and computer systems for military and civil purposes is
acquiring particular urgency and significance. The
development and widespread adoption of effective
measures and means to combat cyber-attacks (cyber-
terrorism) in electronic practice should always be given
the increased attention of the relevant services and
specialists.
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DIELECTRIC SPECTROSCOPY OF CASING THERMOSETTING COMPOSITE
ELECTRICAL INSULATION SYSTEM OF INDUCTION TRACTION ELECTRIC
MACHINES

Introduction. Thermosetting composite electric insulation of traction electric motors undergoes significant heating, moisture,
overvoltage, vibration. Purpose. The substantiation of the possibility of using dielectric spectroscopy for monitoring the state of
the hull thermosetting composite electric insulating system of induction traction motors (ITM) at the technological stage of
manufacturing.. Methodology. In the induction traction motors in which the phases of the stator winding are connected to a
«star» and do not have a zero point output, in the case of a two-electrode connection of one of the phases and the housing, the
combined characteristics of the capacitance and the dielectric loss tangent of the three-phase hull insulation system are
measured. Practical value. It is established that at the second resonant frequency near 10 kHz, the tangent of the dielectric loss is
the most sensitive to the state of the composite ITM insulation. Dielectric spectroscopy at alternating voltage of the combined
dielectric characteristics makes it possible to evaluate the state of the hull thermosetting electrical insulating system at the final
stage of manufacturing of induction traction motors. References 9, tables 1, figures 4.

Key words: thermosetting composite insulation, induction traction motor, dielectric spectroscopy, replacement circuit,
electrical capacitance, dielectric loss tangent, resonance frequency.

Ilpeocmagneno cxemy 3ameuieHus 0OMOmMOK cCmamopa npu cCOCOUHEHUU «36€3001» ACUHXPOHHO20 MA208020 Osuzamens. Ha
OCHOBAHUU PE3YSIbMAMOE MOOEIUPOBAHUA YACHOMHBIX 3A8UCUMOCIEN EMKOCIU U MAHZEHCA Y2ia OulIeKMpuiecKux nomeps
ycmanoeieno Haauyue 06yx pe3onancHwvlx uacmom ¢ ouanazone 1 u 10 xl'y. Ilokazano, umo uzmepenus mamzenca yna
OUIIEKMPUYECKUX NOMEPL UZONAUUOHHOU cucmembl na wacmome 10 kl'y uyecmeumenwvnvl K ypoeHio OuINeKmpuueckux
nomepv 6 KOPHYCHOU MEPMOPEeaKmueHoil rnekmpuydeckoi uzonayuu. Pesynomamuvr mamemamuueckozo mooenuposanus
CO2NACYIOMCA € UBMEPEHUAMU  COBOKYHHBIX  OUIIEKMPUUECKUX  XAPAKMEPUCMUK  KOPHYCHOU  KOMRO3UMHOU
INEKMPOU3ONAUUOHHOU cucmempbl mpex ¢paz. budin. 9, tabx. 1, puc. 4.

Kniouesvie cnoséa: TepMoOpeaKTHBHAsi KOMIIO3UTHAS M30JISIUUSl, ACHHXPOHHBIH TArOBBIA JBHUrarte/b, JAMIJIeKTPHYECKAs]
CIEeKTPOCKONHUS, CXeMa 3aMelleHMs, JJIeKTPHYeCKass eMKOCTb, TAHIeHC YIJIa AMYIEKTPHYECKHX NOTepb, Pe30HAHCHAs

qacrorTa.

Introduction. Difficult operating conditions for DC
and AC traction high-voltage machines present increased
requirements for electrical insulation. Thus, thermosetting
composite electric insulation of traction electric motors
(TEM) undergoes significant heating, moisture,
overvoltage, vibration. The insulation must have
sufficient electrical and mechanical strength, be heated
and moisture resistant. Modern electrical insulating
materials and technologies for their manufacture have
made it possible to improve the systems of high-voltage
thermosetting composite electric insulation of motors,
improve their operational and energy characteristics [1].
The use of insulation of the heat resistance class H
(180 °C) improves the reliability of the TEM, allows for
the same size to realize a greater power. Such isolation
systems are capable of operating at least 50,000 hours at
temperature of 180 °C and withstanding overvoltages
above 10 kV.

For electric insulation with a high content of mica
and epoxy resin, the TEM winding is used both as a
vacuum-injection impregnation technology and pre-
impregnated tapes. The vacuum-injection impregnation
procedure guarantees high mechanical strength, especially
the frontal part of the winding and high electrical strength.
During the process of impregnating the insulation system,
the viscosity of the resin is measured; temperature of
impregnation and curing; holding time under pressure;
reduced and excess pressure.

Problem definition. At all stages of manufacturing
TEM: before impregnating the armature and coils, after
heat treatment (baking) of the armature and coils, in the

finished motor — the insulation resistance and electrical
strength are checked [2, 3]. Insulation of rods (coils) of
machines with power of more than 5 MW and voltage
greater than 6 kV for the control of manufacturing
technology is subjected to an additional test [4]:
measurement of the dielectric loss tangent tgd of
insulation, depending on the applied test voltage at
normal air temperature. Measurement of the tangent of
the dielectric loss angle of insulation is performed by the
Schering bridge at frequency of 50 Hz. Such tests allow
us to indirectly judge the presence of air inclusions caused
by the stratification of thermosetting insulation as a result
of its incomplete polymerization. Measurements at only
one frequency of 50 Hz do not allow to fully reveal the
residual moisture and stratification of the thermosetting
composite insulation system of TEM. High operational
reliability of traction electric motors is determined by the
quality of insulation of windings, which must have a high
moisture resistance.

In the last decade, dielectric spectroscopy has
gained considerable theoretical and experimental
development. In dielectric spectroscopy, an analysis is
made of the function of the complex permeability & of
insulation by the frequency and voltage range [5-7]:

* ! . .

& =¢ —ig"=¢—-io/wsy,
where ¢' is the real part of the complex dielectric
permeability (relative permeability &) which determines

the electrical capacity of the insulation; &’ is the
imaginary part that determines the energy loss in
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insulation: ¢'"=0/ws,; o is the specific volume

conductivity of the insulation material, S/m; @ is the
circular frequency of the applied current, rad/s;
€ = 8.85-107'2 F/m is the electrical constant.

The tangent of the dielectric loss angle determines
the losses for electrical conductivity and polarization

tg5:g—'.
£

The frequency dependence of the capacitance and
tangent of the dielectric loss angle allows one to judge the
state of the thermosetting insulation system of TEM.

The goal of the paper is substantiation of the
possibility of using dielectric spectroscopy for monitoring
the state of the hull thermosetting composite electric
insulating system of induction traction motors at the
technological stage of manufacturing.

The method of aggregate measurements of the
dielectric parameters of a thermosetting insulating
system. In induction traction motors (ITM) in which the
phases of the stator winding are connected to a «star»
and do not have a zero point output (a blind connection
of the phases of the winding), to measure the
capacitance and tangent of the phase loss dielectric loss,
it is advisable to use two-electrode connection of two
phases to the measuring circuit. This is a method of
aggregate measurements without shorting the rest of the
phases that are not involved in the measurements. For
this, it is necessary to perform three measurements
(indices a, b, ¢ in (1)) based on the results of which,
based on the solution of the system of linear algebraic
equations for capacitances and the tangent of the
dielectric loss angle (1), the dielectric parameters of the
windings insulation of each phase (indices 1, 2, 3 in (1))
connected in a «star» [8]

1 1 1
—+—=—| g C2 +1g0, G =1go,
Cl C2 Ca Cl + C2 Cl + C2
1 1 1
——=—1; 1g5 S +1g5; G =tgdy . (1)
¢ G G C+C; G +G;
L.t 1 126, S +1g9; G __ 1gd,
C2 C3 CL C2 + C3 C2 + C3

Aggregate dielectric characteristics of the hull
thermosetting insulation system of ITM. In the case of
a two-electrode connection of one of the phases and the
housing, the combined characteristics of the capacitance
C and the dielectric loss tangent tgd of the three-phase
hull insulation system are measured. Fig. 1 shows the
circuit for replacing the stator windings of ITM [9]. The
windings are connected according to the «star» circuit.
Zero point O is not available for measurements. The
diagram denotes: R1, L1, R2, L2 are the ohmic resistance
and inductance of the windings of each phase; C3, R3 are
the capacitance of each phase relative to the body (the
capacity of the housing insulation system) and the
equivalent resistance of each phase. Resistor R3,
connected in parallel, reflects the insulation leakage
resistance (when measured at a constant voltage) or the
equivalent dielectric loss resistance (when measured at
alternating voltage). The simplified two-element circuit of
substitution of the housing insulation does not reflect the

relaxation processes in the insulation associated with the
accumulation of space charges.

Fig. 1. Circuit of replacement of stator windings of ITM

The complex resistance of phase A is defined as

1
3(=/—)
. CUC3 . 1
ZA—R1+]CDL1+ 1 |||:R2 +ja)L2+—+
Ry—j——
COC3
(2
Ry o1
jCOLl 2 a)2C3
+ + 5
2 Ry 1
2 ' w2c

where by || the parallel connection of fragments of the
substitution circuit is indicated.

Assuming the same ohmic resistance and inductance
of the half windings of each of the phases R1 = R2 = Ry,
L1 = L2 = L, one can define the complex resistance
Z; and conductivity Y of the half winding

V4 =——+—,Z =y — ,Y=—

L=y w-C’ ¢ Z,

Complex impedance Z;¢ (complex conductivity Y;c)
of the second half of the winding and two halves of other
two windings

Z, +7Z
_ L *<4c
Zic=Zp+

=Zp+Zcc

Then the required total dielectric characteristics of
the insulation system of the windings relative to the body
are determined on the basis of (3)

R, =real(Z),Ce=——— tg5,=R,-C,-w. (3)
imag(Z)

Model frequency dependences of the combined
dielectric characteristics of the hull insulation system.
Fig. 2, 3 show the frequency dependences of the
capacitance and tangent of the dielectric loss angle of the
hull insulation system of the ITM windings, constructed
on the basis of (2), (3). In the frequency range from 1 to
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10 kHz, the windings have two resonant frequencies. The
first one is in the 4.2 kHz region; the second one is near
the frequency of 10 kHz. Measurements near 10 kHz are
very sensitive to the level of dielectric losses in the
insulation (Fig. 3). At measuring tgd of actually insulation
from 0.074 = 7.4 % to 0.012 = 1.2 % (i.e. almost 6 times
— see Fig. 4, frequency 10 kHz), the result of measuring
the parameter tgo gy, of the entire winding changes tens —
hundreds of times (Fig. 3).

_x10”

C F

1.5] /
1

-1.5 l
0? 10° 10" £ Hz
Fig. 2. Dependence on the frequency of the effective capacitance
of the windings relative to the housing (capacity of the housing
insulation system): points — experimental data; solid line —
calculation according to the substitution circuit in Fig. 1
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Fig. 3. Dependence on the frequency of the tangent of the
dielectric loss angle of the hull insulation system:
points — experimental data;
solid lines — calculation by the substitution circuit in Fig. 1

-3
e 10° 10* f Hz 10°
Fig. 4. Dependences on the frequency of the tangent of the
dielectric loss angle of the hull thermosetting insulation adopted
in calculating the frequency dependences of C and tgd of the
winding insulation system

In Fig. 3 curves 1-3 are constructed under the
assumption: curve 1 — with a constant value of tgd of
thermosetting composite insulation; 2 and 3 — with the

power law of change of the tangent of the dielectric loss
angle of insulation: 2 — at tgd = tgdy(fy/)*%; 3 — at tgd =
tgdo(fo/N)™*, where the indices «0» correspond to the value
at the frequency of 100 Hz.

Table 1 shows the results of measurements of the
total dielectric characteristics of the hull insulation system
of the ITM windings. The measurements are performed at
three frequencies: 100 Hz, 1 kHz and 10 kHz. The first
two frequencies turned out to be lower, and the third one
was higher than its own resonant frequency (Table 1).
Hence, the resonance frequency of the windings (the first
resonance frequency) is in the range 1-10 kHz. When
measuring at frequencies above resonance, the aggregate
parameters of both the main and parasitic circuits are
measured. Thus, when monitoring the capacitance and
tangent of the dielectric loss angle tgd of the hull
insulation system at frequency of 10 kHz (above
resonant), the readings of the immittance meter become
negative: C = —2.8639 nF < 0. This means that the
complex resistance of the «three phase-housingy
insulation gap at this frequency is no longer capacitive,
but inductive.

Table 1
Aggregate dielectric parameters of the induction motor hull
system
Frequencies of measurement, kHz
Induction motor : 0.1 1 10
- voltage C, nF |tgd, % | C, nF |tgd, % | C, nF |tgd, %
1.875kV;
- power N e — N ©
1200 kW. el @ |5 8|8 s
Insulation class H & = S @ P ¢

Conclusions. The results of modeling the frequency
dependences of the aggregate dielectric characteristics on
the basis of the stator winding replacement circuit for the
«star» connection of an asynchronous traction motor
indicate the presence of two resonant frequencies in the
1 and 10 kHz range. At frequency of 10 kHz, the tangent
of the dielectric loss angle of the entire insulation system
of the windings changes by a factor of tens — hundreds
which makes it possible to monitor the state of the
composite insulation at this frequency. The presence of
residual moisture in the body insulation leads to an
increase in tgd of the body thermosetting composite
system with decreasing frequency.

Dielectric  spectroscopy of aggregate dielectric
characteristics at alternating voltage allows to evaluate the
state of the body thermosetting electrical insulating
system at the final stage of manufacturing of induction
traction motors.
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INVESTIGATION OF A LINEAR PULSE-INDUCTION ELECTROMECHANICAL
CONVERTER WITH DIFFERENT INDUCTOR POWER SUPPLY CIRCUITS

Purpose. The goal of the paper is to investigate the influence of the power circuits of the linear pulse-induction electromechanical
converters (LPIEC), which form the current pulse of excitation of the inductor from the capacitive energy storage (CES), to its
electromechanical parameters. Methodology. A circuit mathematical model of LPIEC was developed, on the basis of which
recurrence relations were obtained for calculating the interrelated electromagnetic, mechanical, and thermal parameters of the
LPIEC. This model makes it possible to calculate the LPIEC parameters for various power circuits, the inductor of which is
excited by the CES. Results. It is established that electromechanical LPEC parameters with power circuit forming an aperiodic
current excitation pulse of an inductor are better than in LPIEC with excitation of an inductor by an unipolar current pulse, but
worse than in LPIEC with excitation of an inductor by a vibrationally damped current pulse. In this converter, during operation,
the inductor is heated most, and the armature is heated least. It is established that in LPIEC with power circuit that forms an
aperiodic current pulse of excitation of an inductor with the connection of an additional CES, all electromechanical parameters
are higher in comparison with the LPIEC with a power circuit that forms a vibrationally damped current excitation pulse of the
inductor. However, in this LPIEC the excess of the temperatures of the active elements increases, especially strongly in the
inductor, and the efficiency of the converter decreases. Originality. For the first time, the LPIEC has been investigated using the
power circuit that forms an aperiodic current pulse of excitation of an inductor with the connection of an additional CES. It is
established that in this LPIEC all electromechanical parameters are higher than for LPIEC with power circuits forming an
unipolar or oscillating-damped current excitation pulse of the inductor. Practical value. In the LPIEC with power circuit that
forms an aperiodic current pulse of excitation of the inductor with the connection of an additional CES, the electromechanical
LPIEC parameters increase. This increases the temperature rise of the inductor, and the temperature rise of the armature
decreases. The effectiveness of this LPIEC is also reduced. References 12, figures 7.

Key words: linear pulse-induction electromechanical converters, circuit mathematical model, recurrence relations, inductor
feed circuits, capacitive energy storage, chain mathematical model, current excitation pulse of inductor.

Ha ocnoge paspabomanHnoii uenHoil MamemMamuueckoi mooenu NOnAyYeHvl pPeKyppeHmHble COOMHOUWIEHUA OnA pacuema
63AUMOCEA3AHHBIX INEKMPOMAZHUIMHBIX, MEXAHUYECKUX U MENI06bIX NAPAMEMPOE IUHEHHO20 UMNYIbCHO-UHOYKUUOHHO20
Inekmpomexanuyeckozo npeoopazosamensn (JIMHIII). Iloxazano, umo 3Inexkmpomexanuueckue noxazamenu JIHHUIII co
CXeMoll nUMAHUA UHOYKMOopa, hopmupyiouieil anepuooudeckuil moKoewlil UMNRYIbC 6030yrcoenusn, ayuuwe, yem y JIHMHUIII ¢
6030y21c0eHUeM UHOYKMOPA OOHONOIAPHBIM MOKOBHIM UMRYICOM, HO Xyice, yem y JIHMUDIII c 6030yincoenuem undykmopa
KonebamenbHo-3amyxaiouium moKoeviM umnyivcom. B oannom npeobpazoeamene 6 npouecce pabomst naudonee cuibHO
Hazpesaemcs UHOYKmMoOp u Haumenee nazpesaemca akope. Iloxazano, umo ¢ JIMHUDII co cxemoii numanus unoykmopa,
opmupyrowieit anepuoduueckuii MoOKOGvLE UMRYIBLC 6030YHCOCHUA C NOOKNIOUCHUEM 000AB0UHO20 eMKOCHHO20 HAKONUMENA
IHepzuu, 6ce INeKmpomexanuueckue nokazamenu eviwie no cpasnenuio ¢ JIHUDII co cxemoil numanua unoykmopa,
dopmupyroweii KonedamenvHo-3amyxarOuiuil MOK0Bvll UMRYIALC 6030yxHcoenusa. Oounaxo ¢ mom JIHUDIII eo3pacmarom
npeevluieHUA memMnepamyp aKmueHvIX INEMEHM 08, 0COOEHHO CUNbHO — uHOYKmopa u chuxcaemca KIT/J. bu6n. 12, puc. 7.
Kniouesvlie  cnosa:  JUHEHHBIE  MMIYJIBCHO-UHAYKIHOHHBIH  3JeKTPOMeXaHMYeCKHMii  mpeoOpa3oBaTe/b, LeNHas
MaTeMaTHyeckasi MO/ie]lb, PeKYPPEeHTHbIe COOTHOIIEHHs, CXeMbl MHUTAHUS HHIYKTOPAa, eMKOCTHOH HAKONMHTe/lb 3HEPrHuH,
TOKOBBIii HMMIIYJIbC BO30Y KIeHUsI HHAYKTOPA.

Introduction. Linear electric motors of the e intensive electromagnetic loads, significantly

traditional type (synchronous, induction and direct
current) do not allow to provide significant accelerations
and impact loads with limited specific indicators. This
led to the appearance of special linear pulse
electromechanical converters which provide a high
speed of the actuator element (AE) on a short active site,
and/or create powerful force pulses with a small
displacement of it [1-4]. Such converters are used in
many branches of science and technology as
electromechanical accelerators and shock-power devices
[5-7]. They are characterized by [8]:

¢ pulsating, reciprocating, cyclic or one-time operation
mode;

¢ intermittent nature of the energy conversion due to
the presence of a back stroke, and often a long pause
during the working cycle;

e long duration of energy storage from a capacitive
energy storage (CES) in relation to the duration of the
working period;

exceeding those of traditional linear electric motors.

The most widely used linear pulse-induction
electromechanical converters (LPIEC) are coaxial
configurations, in which the accelerated arm interacts
non-contact with a stationary inductor [1, 2, 9]. When the
inductor is excited from the CES, eddy currents are
induced in the electrically conducting armature. As a
result of this, electrodynamic forces (EDF) act on the
armature, causing its axial displacement (Fig. 1,a).

However, when operating in a dynamic mode with a
rapid change in electromagnetic, mechanical and thermal
parameters, the efficiency of the LPIEC is not high
enough, which requires new approaches to improve its
electromechanical performance. One way to increase
these indicators is to generate the necessary current pulses
of the inductor due to the power circuits that are located
between the CES and the inductor. However, to date, no
specific studies have been conducted to determine the
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influence of various inductor power circuits on the
electromechanical performance of the LPIEC.

The goal of the paper is investigation of the
influence of various inductor power circuits forming its
current pulses on the electromechanical parameters of the
LPIEC.

Mathematical model. We  consider the
mathematical circuit model of LPIEC which uses the

lumped parameters of the inductor and armature
(Fig. 1,b).
) _Mlz(z) _
S LTy L
i i

e 2O

Ly Ry(Ty)

a b

Fig. 1. Design (a) and electric (b) LPIEC circuits with a free
CES discharge on the inductor:
1 — inductor; 2 — armature; 3 — AE; 4 — return spring

In the presented in Fig. 1,b electrical circuit after the
closure of the key Q, a free discharge of the CES occurs
to the inductor. Electrical processes in LPIEC can be
described by a system of equations [9]:

di 1 di
R(T)iy + L =L + — | iydt + My (2)—2 +
1(Ti 1, C0£1 12()dt

. dM !
0 12 =0, Cijildtzuo, (1)
0

0

Cdp diy . _dM,
Ry(Ty) s+ Lo 22 4 Moy (o)t iv(n 12 2, 2
2 (1) ip + Ly i 21(2) 7 iv(t) % )

where n = 1, 2 are the indexes of inductor and armature,
respectively; R,, L,, T,, i, are the active resistance,
inductance, temperature and current of the n-th element,
respectively; C, is the capacity of CES charged on the
voltage Up; Mi(z) is the mutual inductance between
inductor and armature moving along the z-axis with
speed v..
We denote
Ry =Ri(T1); Ry = Ry(Tr); M1y = M5(2); v, = v, (1)
The system of equations (1,) (2) after a series of

transformations is reduced to the equation:

2. .
d-i di
—Lya L tayi =0, 3)
dt? dt
where

2
My, Ly  ofdMy,
a3 =0, ar = y —2Mv,—=; a = RR, +—=—v;| —= | ;
3 2=X z dz 1 11%2 CO z dz
_R 2.
agp —C—, U_LILZ _M12’ Z—Rle +L1R2 .
0

The characteristic equation of the differential
equation (3) is represented in the canonical form

X0 1X2 45X + =0, 4

where i =ay/az ; sx =aj/az ; t« =ag/az .

Using the substitution y =x+r/3, equation (4) is
reduced to the form
Y+ pey+gs =0, ®)
where ps« = s« —F*2/3 s qx = 2()"*/3)3 —I’*S*/3+l*.
The roots of equation (5) are found using the

Cardano formula:
VI =Us+Ve; Yo =EUx+EVe; V3 =Eux + &k, (0)

us =yD% —0.5gx 3  w=3-D" -0.5¢x ;

€12 =0~5(—1ij\/§); D=(p«/3f +(g«/2)* is the
discriminant of equation (5).

If D<0, then the cubic equation (5) has three real
roots:

Y =26\l—p3/27 cos| larccos S L +27Z'(p—1) (7
3 w-pif27 | 3
where p =1, 2, 3.

The solution of the system of equations (1), (2) is
found in the form:

i) (t) = Ay explxt)+ Ay exp(xat)+ 43 exp(xst)—

where

b diy ®
z R dz ’
i (1) = Apy exp(xt)+ Apy explxat)+ A3 explxst) -
L, My ©)
Ry dz ’
where A;y,..., Ay; are the constant determined at the

moment of time #.

After finding the constants A4y, ..., Ay, the
expressions for the currents of the inductor and the
armature are represented in a recurrent form:

. 2 2
byt =07 [in (1)~ )2 [—dM uj ]

R1R2 dZ
x (1823 + a2 1 Bs + a3 1 B )+ [Qn - VzRQmCM(;IleJ[al (B +B3)+

+ay (B + s )+ a3 (B + ) +[An —VZRA'”d[ZleJ(al +ay +0!3)}X

-1
2 2
1o Y2 (M)
R1R2 dZ

wheren=1,2atm=2,1;

5= BB (B = Br)+ BB (B = B3 )+ BoBs (B3 — o)
oy = (85— Bo )exp(BiAL) s = (B — B3 )exp(BrAt)
a3 =By — By)exp(B3An) ;

0.5
By = {Z(a% —3a1a3) cos[27r(p —1)/3+g]—a2}/3a3 ;
rp=123;
2 15 3 2
G = arccos| \ap —3a1a3 4.50161203 —a —13.500613 N

Emvz dM12 .
dz

(10)

B M
mvzdIZ;An:En+
., dz R

=Ly, yp=-My;

Q, =B, +

n n

n
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4. 7 .
Bl’l =0 1|:ln(tk)(M12VZ712_Ranj+ZM(tk)X

dM
X(RmM _Lmvz dzlzj_ykuc(tk):|;

E=v"? {il (% )|:R1 (R2M122 +R L5 —CfleU)— v: My, djju (x+2RLy)+
A

M
+V§(L1L2 +M122Idd212

2
. dM
) }flz(lk){vz(LzlszRszz)dZIz—Mlsz)(—

2
dM dM
- Vlesz[ dle J }uc(fk)[Rlezz + L3R — 2L,V M), P 12 J}

¥4

_ _ dM
Ey=v z{il(tk)[Mlz(C ]U—RIZ)Jr vz(2RlM122 + Ll;() y 12 221, M, x
1z

N dM,
dz

2
dM dM
+M122)"z2[ dzlzj :|+uc(tk)|:vz(L1L2 +M|22);d212 M]zl}},

where u.(t;) is the CES voltage at the moment of time .

2
, M
j }+’2([k)|:R2(R1MI22 +R2L12)* Myv, (2LRy + 1) dzl2 +(LyLy +

If the discriminant D<0 of the characteristic equation
(5), then one of its roots is real x; = d, and the other two
are complex conjugate x,3 = fEjg. The solution of the
system of equations (1), (2) is found in the form:

iy (¢) = By exp(dt)+exp( ft)[ By cos(gt)+ By3 sin(gt )| -

iy dMy, (1
—y, 212
Rl dZ
ir(t) =By exp(dt)+ exp(ﬁ)[B22 cos(gt)+ By; sin(gt)]—
iy dMyy 12)
z R2 dZ ’
where B;;, ..., By; are the constant determined at the

moment of time #.

In the final form, the currents of the inductor and the
armature can be represented in the form of recurrence
relations:

. _ _%dM]z _i dM12 2
ln(tk+l)—[§n R, d j/[l Rle(dz }],(13)

where

&=l (- aP[ (g expamofle? + 120, ~202, 1, Js
+exp(fAt){sin(gAt)d(f2 -g° afdb,, +(g2 +d? afz)Q,, +
+(f=d)A, J+g-cos(grnld(d ~21)0, +2/2, - A, If);

Vi (1) dM

R, dz

in the LPIEC can be

@n :in(tk)+

Mechanical processes
described by equation:

dv,
+KpAz(t)+ K 1)+
it pAz() + Kpv_(¢) a

c o dAM

L@ ([t)—=\m, +m
1020~ = (mg +my) "
+0.12577,8,D3,,v2 (1),

where m,, m, are the mass of the armature and AE,
respectively; Kp is the coefficient of elasticity of the
return spring; Az(f) is the displacement of the armature
with AE; K7 is the coefficient of the dynamic friction; y,
is the density of the medium; f, is the coefficient of
aerodynamic resistance; D,,, is the AE outer diameter.

The efficiency of the axial force action on the
armature will be estimated by the value of the EDF
impulse:

F.=[ 1o, (15)

where f.(z, f) is the instantaneous value of axial EDF
acting on the armature.

On the basis of equation (14), the value of the
displacement of the armature with AE can be represented
as a recurrence relation:

AZ(tg 1) = Az(0) + v ()M + 8- AL (g + ), (16)
where v, (t441) = v, (t; )+ 9-At/(m, +my ) is the speed of
the armature with AE along the z-axis;

d
9=il(rk)izak)d—]‘j(z)—KPAzak)—KTvz(rk)—

—0.12577, 8, D3,,2 ().

Thermal processes. In the absence of moving the
armature which occurs either before the start of the
direct stroke or after the return stroke, there is thermal
contact between the active elements through the
insulating gasket. The temperatures of the n-th active
elements of the LPIEC can be described here by the
recurrence relation [10]:

1. 1
Tn (tk+1) = T;z (tk )éz + (1 - 5)[7[ 1ln (tk )Rn (Tn )(Dgn - Dlzn)7 +
+0.2572Ty D, H yorg, + Tm(tk)ﬂa(T)dgl]{O.ZSHaTnDean +17)

1
+ (g |,

cl’l (Tn )’Yl’l a n

A7) is the thermal conductivity of the insulation gasket;
d, is the gasket thickness; D,,, D;, are the outer and inner
diameters of active elements, respectively; ar, is the heat
transfer coefficient of the n-th active element; ¢, is the
heat capacity of the n-th active element.

The temperatures of the n-th active elements when
moving the armature and the absence of thermal contact
between the armature and the inductor can be described
by the recurrence relation:

T(tga) = Ty )7+ (1= 2)To + 47 2%, ()R, (T,
Ap-1{n2 2 |1
><Denl—ln (Den _DinT :l:

where y = exp% 0.25AtD,,0 7, C;l T, ))/;1 }

Initial conditions for the system of equations
(H)—(18): T,(0)=Ty is the temperature of the n-th active
element; 7,(0)=0 is the current of the n-th active element;
Az(0)= Az, is the initial axial distance between armature
and inductor winding; u/0)=U, is the CES voltage;
v,(0)=0 is the armature speed along the z-axis.

The LPIEC efficiency will be estimated by the
relation:

where & = exp{— At(O,ZSDmocTn + 2“ (7) j} ;

(18)

2 2
(m2 +me)vz+KPAz %, (19)
CoU¢

The main parameters of the LPIEC. Let us
consider the LPIEC of a coaxial configuration in which
the armature is made in the form of a flat disc one side of

n =100
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which faces the inductor, and the other interacts with the
AE. Main parameters of LPIEC:

Inductor: outer diameter D, =100 mm, inner
diameter D;,;=10 mm, height ;=10 mm, section of
copper bus axb = 1.8x4.8 mm?, the number of turns of
the bus N = 46. The inductor is made in the form of a
double-layer winding with external electrical terminals.

Armature: outer diameter D,,=100 mm, inner
diameter D;,;=6 mm, height H,=2.5 mm. Armature is
made of technical copper.

CES: capacitance Cy = 1 mF, voltage U, = 1 kV.

The initial distance between the inductor and the
armature is Azy = 1 mm. Coefficient of elasticity of the
return spring Kp = 25 kN/m. Weight of the AE
m, = 0.25 kg.

We suppose that in the circuits of the LPIEC
inductor power supply, the resistance of the diodes and
the thyristor in the forward direction is negligible, and in
the opposite direction their conductivity is just as low.

Power supply circuit of the LPIEC inductor
forming an unipolar current excitation pulse. The
simplest is the power supply circuit of the inductor of the
LPIEC which forms an unipolar current excitation pulse
in which only the starting thyristor V'S is used (Fig. 2).

M,,(2)
o 12
r\_H ¥ Y
L1
Uﬂ CD Ll Lz VZ
@ R,

a

J» A/mmz;fz, N; u., V; Az, mm; v,, m/s

1500
1000
0, 0,02 5 40v; )
- 504z
500 S =]

. A
=500 \
-1000

\_/

Jy

S

-1500

0 0.25 0.5
b
Fig. 2. The electric circuit of the LPIEC forming an unipolar
current pulse of the inductor, () and the electromechanical
characteristics of this LPIEC (b)

0.75 t, ms 1.0

The current pulse in the inductor has a relatively
short duration of the leading edge and a longer duration of

the trailing edge. This form of the current pulse of the
inductor is due to the induction effect of the armature
current, which shifts the maximum to the beginning of the
excitation process. Note that in the absence of the
armature, the inductor current pulse is close in half-sine
wave. The maximum values of armature current and
inductor due to magnetic coupling occur almost at the
same instant of time. The induced current in the armature
changes the polarity after 0.5 ms, which causes the
appearance of minor brake EDF which act until the
current pulse in the inductor passes. The maximum values
of current density are: in the inductor j,,, = 538.7 A/mm?,
in the armature j,,, = 1218.5 A/mm?. At the instant of the
maximum of the current densities, a maximum of the EDF
arises, reaching the value £, = 39.8 kN. The LPIEC
considered creates a force impulse F, = 7.6 Ns, under
which the armature, together with the AE, reaches a speed
v, = 17.9 m/s. At the end of the operating cycle, the
inductor temperature rise is 4, = 0.5 °C, and the
temperature rise of the armature is 6, = 2 °C. The
efficiency of this LPIEC is # = 16.66 %.

The power supply circuit of the LPIEC inductor
which forms a vibrationally damped current
excitation pulse. The power supply circuit of the LIIEP
inductor which forms a vibrationally damped current
excitation pulse is realized by shunting the starting
thyristor VS with a reverse diode VD, (Fig. 3).

M., (Z)
12
gy
5N
:L LT
< L3 ¢l |y,
Uy Cy VD T
T = Ry Ry
a

Js A/mmz;f_,, N; u,, V; Az, mm; v,, m/s
1500 7
504z

0,022

o
MAILLE
AT

1000

-500 \/
-1000
\/Jr'g
-1500
0 0.5 1.0 1.5 t,ms 2.0
b

Fig. 3. The electric circuit of the LPIEC which forms the
oscillating-damped current pulse of the inductor, (a)
and electromechanical characteristics of this LPIEC (b)
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The excitation of the LPIEC inductor by a
vibrationally-suppressed current pulse leads to a
significant change in its electromechanical characteristics.
Because of the non-synchronous change in the polarities
of the inductor currents and the armature between them,
there are both EDF of repulsion, moving the armature
with the AE along the z-axis, and the EDF of the
attraction, which retard the armature. We can note the
presence of the main (up to 0.5 ms) and additional (in the
interval 0.7-1.3 ms) EDF of repulsion. The additional
EDF of repulsion is much less than the main forces,
primarily because of the weakened magnetic coupling
between the inductor and the armature removed from it.

In the power supply circuit of the LPIEC inductor
which forms a vibrational-damped current excitation
pulse, an increased EDF impulse F, = 9.46 Ns acts on the
armature, so that together with AE it reaches the speed
v, = 22.3 m/s. At the end of the operating cycle, the
inductor temperature rise is 8; = 1 °C, and the temperature
rise of the armature 6, = 2.4 °C. The efficiency of this
LPIEC is increased to the value 7 = 24.88 %.

However, in the inductor supply circuits that form an
unipolar and oscillating-damped excitation current pulses,
the voltage of the CES u,. changes its polarity which
requires the use of special nonpolar capacitors.

Power supply circuit of the LPIEC inductor
forming an aperiodic current excitation pulse. The
power supply circuit of the LPIEC inductor which forms
an aperiodic current excitation pulse is realized by
shunting the inductor with an inverse diode VD,. This
circuit allows the use of electrolytic capacitors with
increased specific energy parameters (Fig. 4).

Until the voltage on the CES becomes zero, the
currents in the inductor and armature are described by the
relations (10) and (13). In the following, currents are
described by a system of equations [11]:

d di

R, (T)i () +L, %"—Mnm (2) ;I: +ip (v, (D) =0 ’(20)

am ,,
dz

where m=1,2atn=2, 1.
After a number of transformations, this system is
reduced to the equation:

d2' d.
(I_KIZZ)?;I"'(}’I +72 —251)(2)i+(7172 - n2)i =0,21)

dt
where
R M, (2) v, () dM M,, (2)
},HZJ; é:n: nm S Xn = z nm;K12: nm 5
L, L, L, dz (L,L,)"

The characteristic equation of the differential
equation (21) has two real roots

! 2
X2 = —-0.5-(y + +1[0.5(y + — +
27TkD <§1l2 (n+7) {[ (n+7)-&1] 2

+ (K122 —1X7172 Vs )}‘0'5>-

)

Expressions for currents in the final form are
described by recurrence relations:

# {i,, (t ){xl exp(szt)f Xy exp(xlAt)} +
-x

In(tg41) =

X

+ W{i}’l (tk )(é:n/‘{/m ~7n )+ im (tk )[7m§n —Xn ]:l}
—H12

(23)
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Fig. 4. The electrical circuit of the LPIEC which forms the
aperiodic current pulse of the inductor, (a) and the
electromechanical characteristics of this LPIEC (b)

0.75 t,ms 1.0

At an aperiodic current pulse of an inductor, the
LPIEC retains both the polarity of the CES voltage «,. and
the polarity of the inductor and armature currents (Fig. 4).
After reaching the CES voltage u, = 0, the current in the
inductor starts to flow through the inverse diode VD,. Due
to the preservation of the polarity of the currents, only the
repulsion EDF act on the armature, the value of the
impulse being F, = 8.85 Ns. The armature, together with
AE, reaches the speed v, = 20.8 m/s. At the end of the
operating cycle, the inductor temperature rise ¢, is 1.1 °C,
and the temperature rise of the armature 6, is 1.7 °C. The
efficiency of the LPIEC # is 22.23 %.

Electromechanical indices of LPIEC with aperiodic
current pulse of inductor are better than in LPIEC with
excitation of inductor by unipolar current pulse, but worse
than in LPIEC with excitation of inductor by oscillating-
damped current pulse. In the converter with an aperiodic
current pulse of the inductor, the inductor is heated more
warmly and the armature heating is lowered.

Power supply circuit of the LIIEP inductor
forming an aperiodic current excitation pulse with the
connection of an additional CES. The preservation of
the polarity of the voltage u. in the power circuit of the
LIEP inductor forming an aperiodic current excitation
pulse opens up prospects for improving this circuit, for
example, by connecting an additional CES-1 during the
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discharge of the initial CES-0 with the parameters C, and
U [12]. The additional CES-1 with capacity C; is pre-
charged to voltage U; which is less than the voltage U, of
the original CES-0 (Fig. 5). During the discharge of the
CES-0, when the voltage u.<U;, the CES-1 is connected
via the diode VD, increasing the discharge capacitance to
the value Cy+C;.

] ] M, @)

CES-0 CES-1 12

TECT T B <4 N

! . h D

'ﬂU Coir -/— ES- - : ZKDD = L, Vz
: 0= ||£ C‘ll i R -1
& 1l L 1 R

! I lU' : 2

I ||? 1

Lo — — — oo - — — — a

Fig. 5. The electrical circuit of the LPIEC which forms an
aperiodic current pulse of the inductor with the connection of
an additional CES-1

Since this circuit has not been practically studied, let
us consider the effect of the parameters of the additional
CES-1 on the electromechanical parameters of the LPIEC.
First, consider the effect of the value of the voltage U, of
the additional CES-1 on the LPIEC indicators, since its
value determines the moment of connection to the initial
CES-0. Let us consider three options for connecting an
additional CES-1: before (U;=0.7U;), at the time
(U=0.6U)) and after (U;=0.5U,) reaching the maximum
EDF acting on the armature. We will use an additional
CES-1 for which C, = C,,.

The efficiency of the LPIEC with this circuit of the
inductor supply will be estimated by the relation
(m2+m62)v2+K123A22 %, (24)

C, OU ot C IU 1

At the moment of connection of the additional
CES-1, up to the maximum of the EDF (U;=0.7U,) at the
leading edge of the current pulses of the inductor and the
armature, perturbations are observed (Fig. 6,a). This gives
rise to a corresponding perturbation at the leading edge of
the EDF curve. After connecting the additional CES-1,
the voltage u, begins to decrease more slowly. Compared
with the use of only the original CES-0, the maximum
values of the current densities have increased: in the
inductor, up to 603.6 A/mm’, in the armature up to
1324.6 A/mm®. This led to an increase in the EDF
maximum to 47.2 kN, the EDF impulse to 11.5 Ns, and
the armature speed with AE to 27.1 m/s. However, due to
the energy of the additional CES-1, the efficiency of the
LPIEC is reduced to 18.8 %. In addition, when the LPIEC
operates with this inductor feed circuit, higher
temperature rises (6, = T,,— Ty) of the inductor 8, = 2.1 °C
and an armature 6, = 2.2 °C are observed, in comparison
with the previously considered circuits.

When connecting the additional CES-1 at the time of
the appearance of the maximum of the EDF (U, = 0.6U)),
local growth of the values of the current pulses of the
inductor and the armature is observed (Fig. 6,b).
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Fig. 6. Electromechanical characteristics of LPIEC
when connecting an additional CES-1 charged
to voltage U;: 0.7U; (a); 0.6U, (b); 0.5U; (c)

0.75 t,ms 1.0

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



At that moment, a corresponding increase in EDF
occurs. Despite a certain change in electromechanical
characteristics, on the whole, the indicators of the LPIEC
remained virtually unchanged compared to the previous
version (U; = 0.7U,). When CES-1 is connected, after the
appearance of the maximum of the EDF (U, = 0.50}), a
local increase in the values of the current pulses of the
inductor and the armature on their trailing edge is
observed (Fig. 6,c).

After connecting the ENE-1, the current in the
inductor begins to decrease more slowly until the instant
u.=0.

Thus, the additional CES-1 and with small and high
values of voltages U, which are connected, respectively,
on the back and front edges of the EDF, allow increasing
the electromechanical performance of the LPIEC. For
example, when connecting CES-1 with low voltage
(U, = 0.150)), the armature speed increases by 27 %, the
value of the EDF impulse increases by 27 %, and the
efficiency decreases by 25 %. When connecting CES-1
with high voltage (U, = 0.75U,), the armature speed
increases by 29.7 %, the value of the EDF impulse
increases by 29.6 %, and the efficiency decreases by
18.7 %.

With this power circuit, all electromechanical
parameters of the LPIEC are higher in comparison with
the LPIEC with the circuit of the inductor supply forming
a vibrationally damped current excitation pulse. So, when
using CES-1 with voltage U; = 0.6U,, the maximum
value of the EDF f,,, is increased by 20 %, and the value
of the EDF impulse F and the speed of the armature v, by
21.6 %. In this case, the temperature rise of the inductor
6, increases by 2.12 times, and the temperature rise of the
armature 6, decreases by 11.3 %. The efficiency of the
LPIEC # is reduced by 32.2 %.

We note that the electromechanical indicators of the
LPIEC wusing an additional CES-1 with voltage
U, = 0.6U, are higher than in the LPIEC with a power
circuit that forms an aperiodic current excitation pulse of
the inductor with initial capacitance Cy = 2 mF.

LPIEC indicators also depend on the capacitance C,
of the additional CES-1 (Fig. 7).

60

.f.;lﬂ > kN

507

401

0 t t + U t +

0 0.5 1.0 1.5 C,,mF 2.0
Fig. 7. Dependence of electromechanical indicators of LPIEC
on capacitance C; at U; = 0.6U,

With  increasing this capacity, all main
electromechanical indicators of the LPIEC grow. Thus, as
the capacitance C; increases from zero to 2 mF, the
maximum current density of the inductor j;,, increases by
24.3 %, the armature current density j,, by 12.8 %, the
maximum EDF value F, by 27.6 %, the EDF impulse
value F, and the armature speed v, by 43.6 % . However,
in this case, the temperature rise of the inductor 6,
increases by 2.7 times, the armature temperature rise 6,
by 40.7 %. The efficiency of the LPIEC 7 is reduced by
45.2 %.

Thus, LPIEC with the power circuit of the inductor
which forms an aperiodic current excitation pulse with
connection of an additional CES-1 provides increased
electromechanical parameters. However, it should be
borne in mind that the additional CES-1 leads to increased
heating of the inductor and armature, as well as to a
decrease in the efficiency of the LPIEC.

Conclusions.

1. With the use of the developed circuit mathematical
model, recurrence relations were obtained for calculating
the interrelated electromagnetic, mechanical, and thermal
parameters of the LPIEC with different inductor power
circuits.

2. It is established that the electromechanical indicators
of the LPIEC with the power supply circuit of the
inductor forming the aperiodic current excitation pulse are
better than in the LPIEC with the excitation of the
inductor by a unipolar current pulse, but worse than in the
LPIEC with excitation of the inductor by a vibrationally
damped current pulse. In the converter with an aperiodic
current excitation pulse, the inductor is heated most
strongly, and the armature is least strongly heated.

3.1t is established that in the LPIEC with the power
supply circuit of the inductor forming an aperiodic current
excitation pulse with the connection of an additional CES,
all electromechanical parameters are higher in comparison
with the LPIEC with the power circuit forming the
oscillating-damped current excitation pulse of the
inductor. However, in this LPIEC there is an increased
heating of active elements, especially an inductor, and a
decrease in efficiency occurs.
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LIMITATIONS OF CURRENT OF THE THREE-PHASE ACTIVE POWER FILTER
IN THE CONDITIONS OF OVERLOAD AND SHORT CIRCUIT

Purpose. The purpose of the work is to develop a method of limiting the maximum allowable level of current of a three-
Phase active power filter in conditions of overload or short circuit and a system for the implementation of the method.
Methodology. For research purposes, the provisions of the pq-theory of instantaneous power, the method of the theory of
automatic control in systems with relay controllers, and the methods of simulation in the visual programming environment
were used. Results. Both the overloading mode and the short circuit emergency mode, using the proposed solution, do not
lead to significant changes in the voltage level on the accumulation capacitor, thus maintaining the stability of the power
part of the active power filter. Originality. In the case of temporary overloads of current and short circuits at the network
node to which a active power filter is connected, the current's limiting is performed by scaling the current to the level
allowed by normal operation of the semiconductor elements of the device, which allows the basic operating algorithm to be
implemented in the specified modes. Practical value. The proposed solution can be used as a mean to protect the power part
of the device in case of overload, which, in the event of emergencies, and their elimination will automatically restore the
normal mode of the device. References 11, tables 2, figures 5.

Key words: active power filter, pq-theory of instantaneous power, relay current control, effective current value, hysteresis
zone.

Lenv. Llenvio padomsr aenaemca paspadoomKa MemoOOUKU OZPAHUYEHUA 00 RPedeNbHO OONYCMUMOZ0 YPOGHA MOKA
mpexgaznozo cunoeozo akmuenozo guavmpa (CA®D) 6 ycnosuax nepezpy3ku uiu KOpomkKozo 3aMolKAHUA U CUCEMbL 071
peanusayuu memoouxku. Memoouka. Jlna npoeedenus uccied08aHuil UCHOIBL30BANUCH NOJIONCEHUA DPg-Meopuu
MZHOBEHHOUW MOUWHOCIMU, MEMOO Meopuu AGMOMAMUYECKO20 YNPAGIEHUA 6 CUCMEMAX C PENeiHbIMU peyiamopamu,
Memoovl MOOenupoGanus 6 cpeode GU3YANbHO20 npozpammuposanus. Pesynomamui. Kax pedcum nepezpy3ku, mak u
ABAPUTIHBLIL pedcUM KOPOMKO20 3aMbIKAHUA, C UCHOIb308AHUEM NPEOIAZAEMO20 PEUleHUA, He NPUGOOAM K CYU{eCIEEHHbIM
UBMEHEHUAM YPOGHA HANPANCEHUA HA HAKONUMENbHOM KOHOEHCAmope, COOMEEencmeeHHO n000epHcUeas cCmaduibHOCb
pabomol cun080l wacmMu Ccun08020 akmuenozo uavmpa. Hayunas noeusna. Ilpu epemennvlx nepezpy3kax no moky u
KOPOMKUX 3AMbIKAHUIL 6 y3J1e CeMmU, K KOMOPOMY RPUCOCOUHAIOM CUTI080U AKMUBHBLI (puUnbmp, 02PAHUYEHUA €20 MOKA
GbINOJIHAIOM NYMeEM MACUWIMAOUPOSAHUA 0eliCIEYIOULe20 MOKA 00 YPOEHA 0ONYCMUMOZ0 6 YC108UAX HOPMATbHOIL PAdombl
HOJIYNPOGOOHUKOGHIX ITIEMEHNO8 YCIMPOIICIMEA, NO380NACH 6 YKAZAHHBIX PEHCUMAX Peanu306bl6anmb OCHOGHOI ANZOPUMM
pabomui. Ilpakmuueckoe 3nauenue. IlIpednorcennoe pewienue modcem Oblmb UCHONLIOGAHO KAK CPEOCHIBO 3AU{UMbL
CUNI06ON uacmu ycmpoiicmea 6 cayuae nepezpy3Ku, Uau 6 cayyae G03HUKHOGEHUA QGAPUIHBIX CUmMyayuil, a ux
ycmpaneHnue o6ecneuunm aemomMamuiuecKoe 00H061eHUe HOPMATbHO20 pedxcuma ycmpolicmea. bubn. 11, Tadn. 2, puc. 5.
Kniouesvie cnosa: cuiaoBoil akTHMBHBIA (UIBTP, pq-Teopusi MIHOBEHHOH MOILHOCTH, peJieiiHOe pery/MpoBaHHe TOKa,
JeiicTBUTeILHOE 3HAUEHNE TOKA, 30HA THCTepe3nca.

Introduction. In industry, frequency converters, theory of full power Frise [4], pg-theory of

thyristor converters, inverters, rectifiers are widely used
designed to control the flow of energy of
electromechanical and electrical devices. These
converters by the operation principle of their power unit
have a significant impact on the quality of electrical
energy. Thus, they negatively affect the
electromechanical and electrical engineering devices,
electric machines and apparatus. The compensation of
resulting from the operation of such converters the
reactive power and the filtration of higher harmonics of
current generated by the above devices is at present a
topical task. The wuse of harmonic filters and
compensating capacitor Dbatteries in the case of
controlled converters does not lead to the desired result
in ensuring the quality of electric energy [1].

Innovation in the issue of compensation of reactive
power and filtration of higher harmonics of current is the
use of active compensating devices - active power filters
(APF) [2, 3]. APF have the ability, thanks to the
algorithm, to perform compensation of reactive power
and filtering of higher harmonics of current. The APF
current is formed on the basis of active filtering
algorithms based on one of the theories of power: the

instantaneous power [5], pgr-theory of instantaneous
power [6], and others. It depends on the neutral mode of
the network node to which APF is connected which in
turn affects the structure of its power unit.

Analysis of previous research. The APF current is
formed on the basis of the load current and the network
voltage in accordance with the existing methods for
determining the components of power or current [4-6].

In the nodes of the system of electric consumption
there are modes caused by overloads of technological
mechanisms. This is possible, both in the technological
process, and in case of emergency. A critical case of an
overload of a network node is the emergence of a short
circuit in the current or adjacent area. Taking into
account the algorithm of operation, in the event of
emergencies or overload, the control system of the APF
will attempt to form a current that is likely to exceed the
calculated current of the power unit. Definitely at the
design stage of the industrial sample, elements of
protection will be introduced into the power part of the
APF but the problem of protection may be resolved in
another way.
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Elements of the APF power unit are selected based
on the calculation mode: switching frequency, operating
(nominal) current and operating (nominal) voltage,
voltage of the accumulation capacitor in the circuit of
constant sign voltage [7, 8].

Thus, the problem arises of limiting the given
current of the APF in the part of the active filtering
algorithm under the following conditions:

1) in the case of overloading of the APF —at a load
current, the effective value of which exceeds the
maximum permissible level for which the power part of
the APF is calculated;

2) in the conditions of the short circuit of the load
circuit of the APF in the current or adjacent areas of the
power supply system for a period sufficient to trigger the
emergency automatics.

The goal of the work is the development of a
method for limiting up to the maximum permissible level
of three-phase active power filter current in conditions of
overload or short circuit and a system for the
implementation of the technique.

Main material. APF provides the formation of a

given current izpf which during the operation of the

device is compared with the actual current of the APF
(current received from the sensors), the adjustment of the
output parameter by the deviation. On the principle of
relay regulation, the current error, or rather its sign, is a
sign for the formation of pulses of control transistors of
upper or lower arm of the converter [11].

Execution of the Ilimitation by applying an
appropriate line of limitation will lead to a change in the
shape of the current, accordingly, it will lead to a
violation of the procedure of formation of current and, as
a consequence, of the principle of compensation. Thus, as
a rational solution, the idea of scaling the current to a
value that does not exceed the permissible actual value of
the current of semiconductor valves of the power part /.,
is proposed.

On the basis of the above, the following method of
APF current limitation is proposed:

1. Set the value of the maximum current /,,, due to the
properties of the valves of the converter of the APF.

2. Determine the actual value of the given current of
the APF for the period of the basic harmonic (7= 0.02 s):

ty+T
*

N KL P

fy

K

luﬁf'

Tons =

3. Determine the ratio of the determined actual current
value to the given maximum.

o= Lo )

[RMS

4.In the event that the actual value of the APF
current is below the maximum, no limitations are
required, that is, the scale factor must be equal to one.
In case if the actual value of current of the APF is
above the maximum, it is necessary to comply with the
limit on the value of the excess, in this way, the scale
factor:

3)

1, fork=>1
K= .
k, fork<l1

Such conditions may be fulfilled using the limitation
block.
5. The set actual current values of the APF is scaled:

©

. K
lflpf =K 'lapf . (4)

To implement the developed technique, a block
diagram of the subsystem of the current limitation of the
active power filter shown in Fig. 1 is proposed.

Reference

Product
Imm > X » X lﬁy
L X

A

Saturation

/
RMS value Divide
- —|
iapf

Fig. 1. Block diagram of the subsystem of the current limitation
of the APF

The proposed block diagram (Fig. 1) is
implemented in the subsystem of current formation
(pg-theory power control), the control system of the
APF in the composition of the electric power complex
whose model (Fig. 2) is constructed in a graphical
environment of simulation modeling and described in
[9]. To determine the current of the compensation of
the APF, the pg-theory of instantaneous power [4] was
chosen, and as the method of pulse control of
transistors of the converter - the method of relay
current control (RCC) [11], the block (Relay current
control) (Fig. 2).

The nonlinear load is represented by a three-phase
thyristor converter (Thyristor converter) with an active-
inductive load (RL-load) with parameters R;; = 0.666 Q
and L;,; = 0.0386 H which at a control angle of 45° in a
thyristor converter corresponds to calculated power P, =
=66 kW, O, = 135 kVAr. By the load parameters, taking
into account the permissible deviation of the voltage, the
three-phase source of electric energy [10] (Three-phase
source) with the following parameters is calculated and
introduced to the circuit: the current value of the
interphase voltage U; = 380 V, frequency f; = 50 Hz,
active and reactive resistances respectively R=0.1 Q and
L~=1.310" H.

Elements of the power part of the three-phase APF
are calculated according to the method [7]: reactor
inductance L=0.0054 H; capacitor voltage U, = 2000 V;
capacitor capacitance C = 20-107 F [9]. The value of the
hysteresis zone (current tube) in the RCC method is
HB = 10 which corresponds to 5% of the nominal load
current [11].

The operation of the model was studied in the
mode of exceeding the maximum operating current in
the case of overload (Fig. 3, 4) and in the emergency
short circuit mode (Fig. 5, 6) using the Three-Phase
Fault block (Fig. 2).
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Fig. 2. Matlab Simulink model of the electric power system with three-phase APF
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Fig. 3. Oscillograms of currents: of load current iy, actual of the APF i,,-and of the network i, without and with limitation

by maximum current value
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Overload mode. The study was conducted with
current limitation and without limitation. The given
maximum actual value of current is set at the level
Inax = 170 A. The results of simulation with the specified
conditions are shown in Fig. 3. At the time interval
(0.1-0.15 s) the current limiting subsystem is not active,
there is an overload of the APF converter by working
current of 215.6 A, while the compensation efficiency can
be estimated by the integral indicators - Table 1 (without
limitation). At the time interval (0.15-0.2 s), the current
limiting subsystem is activated and the actual value of the
APF current is reduced to the established maximum level,
while the compensation indicators deteriorate — Table 1
(with limitations), but the device provides a reduction in
reactive power and a coefficient of distortion of current.

Table 1
Summary results of study of the overload mode

Parameter | Without APF | Without limitation | With limitation
P,W 21300 21870 20630
0, VAr 44270 -275.5 8621
Loy A 234.8 104.9 107.2
THD;, % 13.96 6.24 7.94
Laprs A - 215.6 170.7
THD 4y, %o - 15.2 16.23

Based on the diagram of the change in the voltage of
the accumulation capacitor (Fig. 4), the voltage deviation
does not exceed 1 %. At the same time reducing the value

Normal mode

SC with limitation

of the current causes an increase in the energy reserve of
the capacitor.

Short circuit mode (SC). The SC research was
performed by simulating the phase-to-phase short circuit
of two phases to the ground at the load node. In the
system model a block is additionally introduced that
implements the mode of short circuit in Fig. 2 (Three-
Phase Faulf) by closing the two phases to resistance
R=0.001 Q, at the interval of time (0.1-0.2 s).

2000 u.,V Without limitation]_ © With limitatipn
N
e
1988 -
; 1 s
0.1 0.12 0.14 0.16 0.18 0.2

Fig. 4. Capacitor voltage with limitation
and without limitation by the maximum current value

Due to the fact that the short circuit is realized using the
ohmic resistance (Fig. 5), at the interval of the short circuit
current caused by the active power significantly exceeds the
current due to reactive power and distortion power.

SC without limitation

4000 —
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SC n-}oment T=0.15]
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Fig. 5. Oscillograms of currents: of load current iy, actual of the APF i, and of the network i, in the short circuit mode
without and with limitation by maximum current value
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Under the conditions of the short circuit mode, the
operation of the block (pg-theory power control) is
violated due to a significant decrease in the network
voltage. In this case, the APF continues to provide
compensation of the load current (Table 2 without
limitation) and current limitation in the interval 0.1-
0.15 s (Table 2 with limitation). Additionally, it should
be noted that the use of the limitation leads to a
decrease in overcompensation of reactive power.

The analysis of the voltage of the accumulation
capacitor during the implementation of the short circuit
mode shows, as in the previous case, a slight increase in
the amplitude of the voltage pulses, which does not
exceed 3 %.

Thus, the implementation of the proposed method,
where the limitation up to the maximum allowable
level of current of a three-phase APF in conditions of
overload or short circuit is performed by scaling the
current value of SAF to the level acceptable in the
normal operation of semiconductor elements, allows, in
the specified modes, to implement the basic algorithm
of the operation of the APF, which is confirmed by the
presented results of the research of the computer model
of the system (Fig. 3-6).

Table 2

Summary results of study of the three-phase
short circuit mode

Parameter | Without APF | Without limitation | With limitation
P,W 21300 4418 4671
0, VAr 44270 -490 16,29
Lo, A 234.8 2172 2171
THD;, % 13.96 0.8 0.8
L, A - 317.8 161.8
THD 4y, %0 - 60.9 70.6
Normal SC with SC without
mode limitation limitation
2000 ! : : ! :
MC,V :
VYV
1980 oo
: : A
0.06 0.1 0.14 0.18

Fig. 6. Capacitor voltage at steady state without limitation by
the maximum value and with limitation in the short circuit
mode

Conclusions.

1.A method of limiting up to the maximum
permissible level of current of a three-phase APF and a
block diagram of the current limiting subsystem of the
APF are proposed which allows to realize the basic
algorithm of operation of the APF in the modes of its
overload or short circuit.

2. Implementation of the proposed method allows to
protect the power part of the APF in the case of
emergency overload and short-circuit modes as well as
provides automatic updating of the normal operating
mode of the APF after the elimination of emergency
modes by the system of emergency automatics.
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V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin, R.P. Mygushchenko, O.Yu. Kropachek

COMPARATIVE ANALYSIS OF ELECTRICAL AND THERMAL CONTROL OF THE
LINING STATE OF INDUCTION APPARATUS OF COPPER WIRE MANUFACTURE

Aim. This article is intended to develop a technique for monitoring the lining state of induction channel furnaces for melting
oxygen-free copper by monitoring changes in the distribution of thermal fields in their lining and carrying out a comparative
analysis of the developed technique with the existing one that controls the electrical resistance of the melting channel of the
furnaces. Technique. For carrying out the research, the theories of electromagnetic field, thermodynamics, mathematical physics,
mathematical modeling based on the finite element method were used. Results. A technique for diagnosing the lining state of the
induction channel furnaces for melting oxygen-free copper has been developed, which makes it possible to determine the
dislocation and the size of the liquid metal leaks by analyzing the temperature distribution over the body surface both the inductor
and the furnace. Scientific novelty. The connection between the temperature field distribution on the surface of the furnace body
and the dislocation and dimensions of the liquid metal leaks in its lining is determined for the first time. Practical significance.
Using the proposed technique will allow to conduct more accurate diagnostics of the lining conditions of the induction channel
furnaces, as well as to determine the location and size of the liquid metal leaks, creating the basis for predicting the working life
of the furnace. References 10, tables 3, figures 4.

Key words: induction heating, diagnostics and control, interconnected electromagnetic and thermal processes, thermal field
distribution, three-dimensional mathematical modeling, finite element method.

I]env. Llenvio cmamou Aenaemca pa3padoomka MemoouKy KOHMpPOA COCMOAHUA ymeposKu UHOYKUUOHHBIX KAHATILHBIX neyeil
0N NA6KU 0eCKUCAOPOOHOI MeOu nymem MOHUMOPUH2A U3MEHEHUIl pacnpedenenus mennoevlxX noJeii 6 ux gymeposxe u
npoeedeHue CpAGHUMENbHOZ0 AHANU3A  PA3PAGOMAHHON MEemOOUKU ¢ cyujecmeyloujell, Komopas KOHmpoaupyem
INIeKmpuYecKoe conpomueienHue NiaguibHo20 Kanana nedei. Memoouka. /[na nposedenusn ucciedo6anuii UCHOIb306ATIUCH
noNOMCEHUss meopuu  INEKMPOMAZHUMHOZO0 NONA, MEPMOOUHAMUKYU, MAMEMAMUUECKOU (UIUKU, MAMEMAMUUECKO20
MOOEUPOCAHUA C NPUMEHEHUEM Memodd KOHeuHbIX riemenmos. Pesynomamoui. Pazpabomana memoouxa Ouaznocmuxu
COCmoAHUA hymeposKu UHOYKYUOHHOU KAHAbHOU heYu 0N N1A8KU OeCKUCI0POOHOI Medu, KOMopas no3e0Jisem onpeoeams
OUCIOKAUUIO U paAsmep NPOMEKAHUL HCUOKO20 MEmaiia nymem aHAIU3A PAcnpeoesieHus memnepamypvl no HO6epXHOCHmU
Kkopnyca undykmopa u neuu. Hayunasa noeusna. Bnepevie ycmanoenena ceazo mexcoy pacnpeoeneHuem memnepamyprozo nois
Ha NOBEPXHOCMU KOPHyca neydu u OUCIOKayueil U pasmepamu npomeKanuil Hcudkozo memanna ¢ ee pymepoeke. Ilpakmuueckoe
3nauenue. Hcnonvizosanue npeoniodHcennoil MemooOuKu no360Jaum npogooums 0071ee MOUHYI0 OUAZHOCMUKY COCHOAHUA
ymepoeéku uHOYKUUOHHBIX KAHALHBIX Neyell, & MaKdxiHce Onpedenims PACNO0MHCeHUe U Pa3Mepbl NPOMEKAHUIl HCUOKO20
Memanna, co30a6an 0CHOGYL 01 NPOZHO3UPOGAHUA pecypca padomsl neyu. bubn. 10, Tabin. 3, puc. 4.

Knrouesvie cnrosa: MHAYKIHOHHBII HATPEB, THATHOCTHKA M KOHTPOJb, B3aHMOCBSI3aHHbIE YJIEKTPOMATHUTHBIE H TEILUIOBBIE
npoiecchbl, pacnpeeieHne TEMI0OBOro MoJisi, TpeXMepHOe MaTeMaTHYeCKoe MO/IeJIMPOBAHUE, METOI KOHEYHBIX 3J1eMeHTOB.

Introduction. Taking into account the constant
increase in energy prices and imported components of
industrial induction apparatus, the urgency of increasing
their resource and energy efficiency, as well as import
substitution of the component equipment, is increasing.
[3, 8]. All these tasks need to be addressed during the
melting of ultrapure oxygen-free copper in induction
channel furnaces, in particular in the UPCAST furnaces
[6], the application of which is expanded due to a number
of technological advantages.

The resource of the UPCAST induction channel
furnaces depends on the duration of the failure-free
operation of the inductor, which heats the liquid metal
channel (0.3 tons), and the furnace, which is above the
inductor and contains most of the liquid melt (up to
10 tons). At present, there is a problem of matching the
resources of the inductor and the furnace. If the predicted
working life of the furnace is 4-6 years, then working life
of the inductor is only 1-2 years, i.e. the technology
includes a planned 2-3-fold replacement of the inductor
design with unchanged furnace design [6, 10].

However, joint experimental studies of PJSC
Yuzhcable Works (Kharkiv) and the Institute of
Electrodynamics of the National Academy of Sciences of
Ukraine (Kiev) using UPCAST line US20X-10 as an

example on the continuous casting of oxygen-free copper
wire have showed that the replacement procedure of the
inductor significantly reduces the working life of the
furnace [8]. Due to the temperature drop from 1150 °C
(the temperature of the copper melt and the furnace lining
surface) up to 300-400 °C (the temperature of furnace
lining after the copper draining during its heating with gas
burners), the lining inevitably cracks. After re-
commissioning the furnace with a new inductor and an
old lining, liquid metal leaks occur in cracks.

The most expedient solution to this problem is to
increase working life of the inductor to working life of the
furnace and use them as a single system during the entire
continuous cycle lasting 4-6 years. As a consequence, the
line resource is expected to increase beyond 4-6 years due
to the lack of planned inductor replacements. The first
step to achieve this goal is to improve the system for
diagnosing the lining thermal state of the inductor and the
furnace.

Now the diagnostics is based on monitoring the
active and reactive inductor resistance by measuring the
impedance of the melting channel and the water
temperature as it passes through the cooling system pipes
[6]. The furnace lining is monitored visually and copper
leaks through lining are inaccessible for inspection and it
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is made by measuring the temperature of the furnace
body. This method of diagnostics is indirect, since it does
not allow revealing the location and size of the leaks areas
of liquid metal, and the actual state of the furnace and
inductor is determined by inspection only after they are
completely stopped and cooled.

Therefore, there is a need to develop a new
technique for diagnosing the lining state, which would
allow estimating the direct location and dimensions of the
liquid metal leaks into the lining cracks and thus
predicting working life of the furnace.

The aim of the paper is to develop a technique for
monitoring the lining state of induction channel furnace
for melting oxygen-free copper by monitoring changes in
the distribution of thermal fields in it using a three-
dimensional mathematical model.

Three-dimensional mathematical model.
According to the physical formulation, the problem of
induction heating of a metal consists of
electromagnetic and thermal problems with strong
mutual relations [1, 2, 5, 9].

To calculate the distribution of the magnetic field
and the current density, the system of Maxwell equations

with respect to the vector potential A is solved.

rotﬁ:j, E:rot;l, (1,2)

J=o(E+J,,, E-= —gradgo—g—f, (3, 4)

where B, H, E are vectors of magnetic induction,
magnetic and electric fields intensity, J, jext are the

density vectors of the total current and current in the
inductor busbars, ¢ is the electric scalar potential, 6(7) is
electric conductivity of copper, which is a function of
temperature 7 and is described by the following
expression:

1
po(+a(T=Tpy)

where po = 1.72-10"® Ohm-m is specific electric resistance
of copper, & = 3.9-10°® K is its temperature resistance
coefficient, T,,,= 273.15 °K is reference temperature.

The ferromagnetic properties of the magnetic core of
the inductor are described by the magnetization curve:

H = f(B)B/B. (6)

The inductor is connected to a 50 Hz sine voltage
transformer and consumes from 14 to 616 kW. Simulated
processes of continuous heating, especially with primary
starts, can last more than 18 hours. Since the scales of the
electromagnetic and thermal processes on the time axis
differ significantly (20 ms period of electromagnetic
oscillations and more than 64,800 with the heating
duration), then while solving the general interrelated
problem, the electromagnetic subtask is solved in the
frequency domain using the actual values for the
magnetization curve, and the thermal subtask is solved in
the time domain [4].

The calculation equations for various elements of the
inductor are:

e for a copper template:

o(T)= (%)

1 = i
rot[—rot A]+ jwo(T)A=0, 7
Ho
o for copper inductor busbars:
1 i -
rot[—rot A]-J,; =0, (8)
Ho

o for steel core:

rot [ rot A]=0, ©)

HoHef

o for lining mixture, steel casing, water cooling system
and ambient air:

rot [Lrot ;1] =0.
Ho

The solutions of equation (7) — (10) were joined on
the boundaries of the elements and were supplemented by

(10)

the Dirichlet conditions 7i-4 =0 on the boundaries of the
computational domain.

To calculate the heat distribution, the thermal
balance equation is solved:

orT
pCp E —kAT = Qeddy + Ovater »

an
where p, C,, k are density, heat capacity and thermal
conductivity of materials, Qeusy, Owarer are heat sources,
including the heating of the template by eddy currents
Qeaay (the time average over one period) and cooling of
busbars and lining in the course of water flowing through
the tubes of the cooling system Qe

The heat removal through the water was calculated
taking into account the heat capacity of the water, its
temperature and the mass flow:

Qwater = Mt'Cp(Tin - T)/ Vn (12)
where M, is water flow in kilograms, passing through the
cross section of the tubes per unit time, 7;, is the
temperature of incoming water, V is the internal volume
of the system pipes.

The multi-physical relationship between the
problems of calculating the distributions of magnetic and
thermal fields was realized by using the eddy currents as a
source of heat induced by the magnetic field and
determined according to the solution of the
electromagnetic problem:

Opitdy =0.5-0(T)|EP=0.5-0(T)|0d/ ot > . (13)

Equation (11) was supplemented by conditions on
the boundaries of the computational domain and on the
boundaries of various materials. The convective heat
removal from the inductor and the furnace bodies through
the ambient air was determined at a given heat transfer
coefficient / according to the equation:

oT
—k—=hT-T,,),
on

(14)
where T, is the ambient temperature, n is the normal
vector to the outer boundary.

According to the engineering drawings of the
channel furnace used at PJSC Yuzhcable Works, a three-
dimensional model was constructed in the software
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package Comsol Multiphysics [4], for which the solution
of the system of differential equations (7) — (11) was
found by the finite elements method.

Comparative analysis of electrical and thermal
control. Lining furnace is formed by four layers of brick,
where the first and second layers serve as «armor» and
keep the metal melt from leaks. In this case, the
temperature difference at the boundaries of these layers is
119 °C (from 1150 to 1031 °C). The third and fourth
layers perform the functions of the heat insulator and the
main temperature drop at 899 °C (from 1031 to 132 °C)
occurs on their boundaries [6]. However, because of the
porous structure, the third and fourth layers of brick after
penetration of the metal melt through the «armor»
actively absorb it, which eventually leads to the metal
flow to the outer steel body of the furnace. As a result,
even drops of liquid copper may appear, emerging
through its technological holes. Because of this, areas of
high temperature rise appear on the body. Such processes
increase the power consumption, i.e. reduce the energy
efficiency of the entire production process and
significantly reduce working life of the furnace.

At the moment, the diagnostics of its resource is
carried out by monitoring and recording the active R and
reactive X of the inductor resistance. Fig. 1,a shows black
dots which are the results of measuring the impedance Z
of the melting channel of the inductor at PJSC Yuzhcable
Works for the period from 01.2013 to 09.2017.

. Chart A3

R - axis
Inductor A3

BB SAAMTED 308 st o e
25-01.2013 |

Fig. 1. Measurements of impedance Z of the melting channel of
the inductor at PJSC Yuzhcable Works («@); the shape of the
melting channel and its possible defects (b)

The active resistivity of the R channel is plotted in
ohms along the ordinate axis and its reactive resistance X.
The value of R varies inversely with the cross-sectional
area of the channel S in Fig. 1,b (R ~ 1/S). The value X
has an inductive character and is proportional to the

channel radius (X ~ r). The region bounded by the
quadrilateral in Fig. 1,a is the region of values of the
impedance Z of the channel during normal operation of
the inductor. The deviation of the measured values of Z
beyond the limits of the quadrilateral indicates the
emergency operation of the induction apparatus, which is
connected with the flow of the melt into the lining of the
furnace or vice versa by the entrapment of the melting
channel slags in the inductor.

Table 1 shows the change in the parameters R, X,
and Z for each of the five types of melting channel defects
shown in Fig. 1,b.

Table 1
The change of the parameters R, S and Z of the melting channel
for each of the five types of its defects

R~1/S X~r Y4
t/
Hot t
S aRE!
FEsNEE |
2| 1 | =SSR i
=T _.l
3001 ! F
4 1 |unchanged F
5 |l |unchanged |

Also, the existing diagnostics system includes
monitoring the change in the temperature 7 of the running
water in the cooling system. The system has 4 water-
cooled circuits, the tubes of this circuit pass along the
surface of the furnace adjoining to the inductor, along the
surface of the cylindrical inductor holes for the magnetic
circuit, inside the copper busbars and the inductor body
base. According to the technical documentation, if the
difference in AT across all circuits remains within 5 °C,
then the line condition is considered normal.

To improve the diagnostics system, it was suggested
to monitor not only the system-specific parameters
(impedance Z and temperature difference A7), but also the
temperature distribution along the inductor and furnace
bodies. The task was to develop a mathematical model
and a technique for -calculating the temperature
distributions both on the body surface and inside the
lining of the inductor and furnace in nominal and
emergency operation modes. The verification of the
model was carried out by comparing the isotherms
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calculated on the body with the real ones measured on the
operating casting line.

According to the developed method, with a non-
uniform temperature distribution on the surface of the
metal casings of the furnace and inductor, temperature
changes in local areas and sizes of such areas are
monitored. Then, the model determines the shape and size
of the melt flowing in the furnace lining and inductor to
obtain isotherms that coincide with the experimental ones.
With the help of this approach, the instantaneous state of
the furnace is diagnosed.

Table 2
The measurement results of the values Ty, Tinax and AT
in the cathode loading zone

The cathode loading zone, Ty, °C
1 2 3 4 5 6 7 8 9
117095 | 75|78 [115|115] 70 | 70 | 71
2 |101] 89 |105|105|105|105| 70 | 70 | 56
3192196 ]95|130(124(99 |79 | 79 | 60
4170 |8 |8 | 95]95|99 | 80| 80 | 74
The cathode loading zone, T}, °C
1 2 3 4 5 6 7 8 9
1195|7877 |96 |95 |95 |98 | 65| 95
2 |105] 90 | 105|105|105|105| 70 | 69 | 64
3 1105| 91 | 135|152 |124(120| 79 | 80 | 68
4195|196 |91 [108] 90 | 88 | 83 | 82 | 79
The cathode loading zone, AT, °C
1 2 3 4 5 6 7 8 9
1125] 0 2 1181 0 0 1 0 | 24
2| 4 1 0 0 0 0 0 0 8
3113 | 5 |45|122( 0 |21 0 1 8
4 |25 11| 6 [13]| 0 0 3 2 5
Table 3

The measurement results of the values Ty, Tmax and AT
in the wire drawing zone

The wire drawing zone, Tiniy, °C
1 2 3 4 5 6 7 8 9
1|75 72|77 |8 |101| 8 | 91 | 95| 95
2162|162 | 75 (119|119| 11 | 129|118 105
3| 71 | 88 (143|127 | 115|115 128 |145|117
4192 (109|124 | 75 | 122 120|101 | 99 | 71
The wire drawing zone, T, °C
1 2 3 4 5 6 7 8 9
1 {105]105|110| 110|102 |105|130| 110|115
2 | 106|118 130|226 | 150|151 |160 | 163|125
3 1120|148 {242 1215|180 | 190 | 199|201 | 141
4 | 140{200|254 (170|202 | 170|182 | 154|108
The wire drawing zone, AT, °C
1 2 3 4 5 6 7 8 9
1 {30 ]45 (3312920 |18 39| 15| 5
2|44 | 56 | 55 [107| 31 | 40 | 31 | 45 | 20
3149|160 (99 |8 | 65| 75|71 ]| 56| 24
4 |48 | 91 |130| 95 | 80 | 50 | 81 | 55 | 37

To predict working life of the furnace, a study was
made on the change in the isotherms on the furnace body
after a long operating time. An experiment with duration
of 3.5 years (from 04.2014 to 09.2017) was planned and
conducted to measure the temperature 7 on the inductor

body and the line furnace. The main attention was paid to
the furnace, since it contains the bulk of the melt.

The furnace body was divided into 72 control zones
(36 in the section for loading copper cathodes for melting
and 36 for the stretching of the copper wire), in which the
temperature 7 was measured by an optical pyrometer.

Table 2 for the cathode loading zone and Table 3 for
the wire drawing zone show the measurement results of
the minimum temperature 7,,, (measured in 2014), the
maximum temperature 7y, (observed from 2014 to 2017)
and the temperature difference A7 reflecting the increase
in the average operating temperatures in the zones due to
the melt flowing into the lining.

Minimum temperature Tmin, °C
in the cathode loading zone

250
200
150 / '
100 4
3
50 2
1 2 3 1
50-100 = 100-150 m150-200 m200-250
a
Maximum temperature Tmax, °C
in the cathode loading zone
250
200
150 /4 >
100 f = 4
3
50 2
4 5 6 7 8 9
50-100 100-150 m150-200 m200-250
b
Temperature increase AT, °C
150
100
50
4
3
0 2
4 5 6 7 3 9

H0-50 m50-100 = 100-150
c
Fig. 2. The measurement results of the values Ty, Tinax and AT
in the cathode loading zone
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The measurement results are plotted accordingly in
the diagrams in Fig. 2 and Fig.3, where the height and
color of the peaks demonstrate the location and
temperature of the zones of the furnace body. Fig. 2,a and
Fig. 3,a show the temperature distribution measurements
Tmin according to measurements made in 2014, when the
furnace lining had a small number of defects. Fig. 2,b and
Fig. 3,b show the distribution of the maximum
temperature Tp,,,, which was observed for 3.5 years of
industrial operation of the furnace. Fig. 2,c and Fig. 3,c
reflect the temperature increase over the body AT due to
the lining degradation.

Minimum temperature Tmin °C
in the wire drawing zone

250
200
150 S
100 7 4
/ 3
50 2
1 2 1
3 4 5 6 7 8 9
50-100 = 100-150 m150-200 m200-250
a
Maximum temperature Tmax, °C
in the wire drawing zone
250
200
150
100 a4
3
50 2
1 2 3 4 1

5 6 7 8 g

100-150 = 150-200 m200-250
b

Temperature increase AT, °C
in the wire drawing zone

50-100

150

100

50

=
N

1
3 4 5 6 7 ] 9

E0-50 m50-100 m100-150
c
Fig. 3. The measurement results of the values Ty, Tinax and AT
in the wire drawing zone

Fig. 4 shows graphs of temperature increase 7' in
time in the four hottest control points.

Temperature changes 7, °C in control points

/0 4

g i
240 = ‘.
220
200
180
160
140
120
100 & = 5 m - oy ) e} = =
g g & g g g 3 ] ] g
= --§---p.33. B p.34 --O---p.43 é-;---p.n S z
Fig. 4. Temperature increase T in time in the four hottest control
zones

Comparing the experimental results in Fig. 2 and
Fig. 3, we note that in the wire drawing zone higher
temperatures are observed, and this can be seen in both
minimum and maximum values. If in the cathode loading
zone the average values are T, oy = 82 °C and Tax av1 =
=101 °C, then in the wire drawing zone these values are
Thinava = 96 °C and Tax av2 = 154 °C.

It was determined that during the operation of the
furnace, the average temperature on its body increased by
58 °C (from 96 °C to 154 °C). At the same time, in the
wire drawing zone, the maximum temperature is 254 °C,
as shown by the peak in Fig. 3,b, and three zones of the
greatest temperature increase (to 130, 107, and 81 °C),
which is shown by the three peaks in Fig. 3,c. Such an
increase in temperature indicates the presence of several
zones of liquid metal flowing into the furnace lining and
its degradation in the future.

Conclusions.

1. The method of monitoring the lining state of
induction channel furnaces for melting oxygen-free
copper is well-reasoned by monitoring changes in the
distribution of thermal fields in their lining. According to
the proposed method, the temperature and location of the
hottest areas are measured on the furnace body, according
to which, using a three-dimensional mathematical model,
the shape and size of the metal melt flowing into the
lining is determined.

2. As a result of the planned experiment (lasting 3.5
years) and controlling the change in temperature 7 in 72
control zones of the furnace casing and inductor of the
casting line of the copper wire UPCAST US20X-10 at
PJSC Yuzhcable Works, regions of greatest temperature,
temperature gradients on the body, and also their
variations with time are detected.

3. It was determined that during the operation of the
furnace, the average temperature on its body increased by
58 °C (from 96 °C to 154 °C). At the same time, in the
wire drawing zone, the maximum temperature was
254 °C, as shown by the peak in Fig. 3b, and three zones
of the greatest temperature increase (to 130, 107, and
81 °C), which indicates the presence of several zones
leaks in lining furnace

4. The use of the proposed technique allows more
accurate diagnostics of the lining state of the induction
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channel furnaces, as well as determining the location and
size of the liquid metal flow, creating the basis for
predicting the working life of the furnace.
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SINGLE-CIRCUIT ACTIVE SCREENING OF MAGNETIC FIELD GENERATED
BY SEVERAL OVERHEAD TRANSMISSION LINES IN RESIDENTIAL AREA

Purpose. The synthesis of active screening system of magnetic field, generated by several high voltage overhead transmission
lines, with the help of single compensation cables is presented. Methodology. The initial parameters for the synthesis of active
screening system parameters are the location of the high voltage overhead transmission lines with respect to the protected
transmission line space, geometry and number of cables, operating currents, as well as the size of the protected space and
normative value of magnetic flux density, which should be achieved as a result of screening. The objective of the synthesis of the
active screening system is to determine their number, configuration, spatial arrangement, wiring diagrams and compensation
cables currents, setting algorithm of the control systems as well as the resulting value of the induction magnetic field at the points
of the protected space. Synthesis of active screening system is reduced to the problem of multi objective nonlinear programming
with constraints in which calculation of the objective functions and constraints are carried out on the basis of the Maxwell
equations solutions in the quasi-stationary approximation. The problem is solved by a stochastic multi swarm multi agent
particles optimization, which can significantly reduce the time to solve it. Results. Active screening system synthesis results for
reduction of a magnetic field generated by several high voltage overhead transmission lines are presented. The possibility of a
significant reduction in the level of source magnetic flux density within a given. Originality. For the first time the synthesis of the
active screening systems of magnetic field generated by the several high voltage overhead transmission lines within a given region
of space is carried out. Practical value. Practical recommendations on reasonable choice of the number and spatial arrangement
of compensating cables of active screening systems of the magnetic field generated by the several high voltage overhead
transmission lines is given. References 10, figures 7.

Key words: high voltage overhead transmission lines, power frequency technogenic magnetic field, active screening system,
multiobjective synthesis.

Ilonyuun Oanvheliwee pazsumue Memoo CUHME3A CUCIMEM AKMUGHO20 IKPAHUPOBAHUA MAZHUMHOZO NOJIA, 2€HEPUPYEMO20
Heckonvbkumu 6030yuwinvimu JIII, na ocnose muozokpumepuanvnozo nooxoda. Ilpu cunmesze ucnonvzyemcs ynpoujennas
Mamemamuyeckas mMooeib MAZHUMHO20 NOJIA, 2EHEPUPYEMO20 HeCKoabKumu 030yuinvimu JIDII, udenmugurxayus komopoi
GbINOIHEHA NO IKCREPUMEHMAIbHHIM 3HAYEHUAM UHOYKUUU MAZHUMHOZ0 ROA 6 3a0AHHBIX NMOYKAX HA OCHOBE Pelienus 3a0auu
onmumu3zayuu. Ilpugedensvt pezyrvmamol cunme3a 0OHOKOHMYPHOU CUCHEMbl AKMUGHO20 IKPAHUPOBAHUA MAZHUMHO20 NOJA,
2eHepupyemozo neckonvkumu 6030ywnvimu JIDII. Ilokazana 603MOMiCHOCMb YyMeHbUIEHUA UHOYKUUU MAZHUMHOZ0 NOJA C
nOMOWBIO CUHMESUPOBGAHHOIL CUCHEMbL 00 YPOBHA CAHUMAPHBIX HOpm YKpaunst. bubn. 10, puc. 7.

Kniouesvle cnosa: BO3AyLIHbIE JUHUH JJIeKTpoNeperayd, MATHUTHOE I0Jie€ MPOMBIIIEHHOH YacTOThl, CHCTeMa AKTHBHOIO
IKPAHMPOBAHHS, MHOTOKPUTEPUAJILHBII CHHTE3.

Introduction. Ukrainian electricity networks are
characterized by high density, and especially near high-
voltage power substations. There is usually a group of
overhead transmission lines (TL), in the immediate
vicinity of which can be located residential buildings. In
this case, the level flux density of the magnetic field (MF)
created by a group of TL in residential areas may exceed
sanitary standards [1], which creates a threat to public
health and requires the adoption of appropriate measures
to normalize the MF.

For Ukraine, the method of active circuit screening
of MF is economically the most acceptable method of
reducing the MF in a residential area of operating
overhead TL [2].

Analysis of existing active screening systems. At
present, in many countries, active screening systems
(ASS) for MF generated by overhead TL [3-7] have been
developed and implemented. In such systems with
different control algorithms [8, 9], special compensation
windings — active cables, the number of which is
determined by the specific nature of the problem being
solved — are used as the executive body of the ASS.

The simplest single-circuit ASS with one
compensating winding are the most widely used [3],
however, the synthesis methods of such ASS are currently
developed only for single TL [10].

In connection with this, the problem arises of
synthesizing single-circuit ASS for efficient screening of
MF generated by a group of overhead TL.

The goal of the work is synthesis and investigation
of single-circuit active screening systems of the magnetic
field of the power frequency created in a residential area
by several overhead TL.

Problem definition. Let us consider the
construction of an ASS for protection against MF created
by several TL the layout of which is shown in Fig. 1.

TL3
TL-4 Z,m

TL-1 L

- 20 screening system
windin

screening area

q0 60 50 .40 30 20 .10 0 10 20 30

Fig. 1. The layout of several TL and protected area

In the immediate vicinity of the screening are there
are two double-circuit TL 110 kV (TL-1 and TL-2), a
two-circuit TL 330 kV (TL-3) and a single-circuit TL 330
kV (TL-4).
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Method of synthesis. We synthesize the ASS of MF
generated by several TL on the basis of the method
developed in [10]. In this case, the synthesis of the ASS is
reduced to solving the problem of multicriterion nonlinear
programming with constraints in which the calculations of
objective functions and constraints are performed on the
basis of the solution of the Maxwell equation in the quasi-
stationary approximation [1]. This problem is solved on
the basis of constructing Pareto-optimal solutions with the
help of algorithms of stochastic multi-agent optimization
by multiswarm of particles [10].

For the synthesis of ASS, in addition to the
geometrical dimensions of the TL, the location of the
residential zone, where it is necessary to shield the MF, it
is necessary to determine the complex values of the
currents in the wires of the TL. Moreover, when the
currents in different power lines change, not only the level
of the total MF generated by several TL changes, but also
the space-time electromagnetic field characteristics (STC)
of the MF due to the relative redistribution of the vertical
and horizontal components of the magnetic flux density
vector created by different TL.

The complexity of solving the problem of
synthesizing the ASS is determined by the number of
wires of the TL. Naturally, taking into account all the
wires of the TL creating the MF in the screening zone, the
problem of synthesizing the ASS is complicated.

Let us consider an approach to the synthesis of the
ASS which makes it possible to simplify the solution of
the synthesis problem on the basis of taking into account a
smaller number of wires compared with the original
problem. To this end, we first carry out experimental
studies of the MF level both in the screening zone and
near the TL. On the basis of the data obtained, we solve
the problem of identifying the currents in the wires of the
TL under which the sum of the squared errors of the
measured and model values of the flux density of the MF
at the given points is minimized.

In fact, this approach solves the problem of
approximating the initial MF measured as a result of
experimental studies, with the help of several TL.
Depending on the required accuracy of the approximation,
the number of TL taken into account can be reduced to
two or even one which makes it possible to substantially
simplify the solution of the problem of synthesis of the
ASS.

On the basis of the obtained simplified model of
MF created by several TL the problem of synthesis of
ASS can be solved on the basis of the method
described in [10].

Mathematical model of the initial MF generated
by several TL. Mathematical model of MF created by
several TL on the basis of a quasi-stationary solution of
Maxwell equation [1] can be represented in the following
form

B Iy (1)) (1)

M»

Blk( I,k( )) are the instantaneous

~

where  B,(P.1),
values of the flux density vectors of the resultant
magnetic field at the point of space P; and the magnetic

field created at the same point in space by k-th current
line of lk-th TL, K is the number of TL; L, is the number
of wires in k-th TL; Iy(¢) is the instantaneous current in
k-th wire of the lk-th TL.

Fig. 2 shows the lines of the same level of the
magnetic flux density calculated for the rated currents of
the TL.

Experimental studies of the MF created by these
several TL in a residential area in which it is necessary to
reduce the level of the magnetic field to sanitary standards
have shown that the flux density values of the MF
calculated at the rated values of the currents of the TL and
the measured values are very different.

Fig. 2. The distribution of the flux density of the initial magnetic
field generated by several TL at rated currents

Simulation of the MF created by individual TL in
the screening zone was carried out. Fig. 3 shows the
results of calculating the distribution of the flux density of
the magnetic field in the screening zone at the operation:
a) of one TL-4; b) at the operation of two TL-3 and TL-4;
¢) when three TL-2, TL-3 and TL-4 are operating; and d)
when four TL-1, TL-2, TL-3 and TL-4 are operating. In
this case, the currents in the wires of all TL were assumed
the same and equal to 500 A.

Based on the analysis of the dependencies shown in
Fig. 3 it can be seen that as the TL is removed from the
screening, the level of the flux density of the magnetic
field created by this TL in the screening zone decreases.
However, in the system under consideration, the rated
currents in the TL-3 and TL-4 wires are 2000 A, and the
rated currents in the TL-1 and TL-2 wires are 1000 A.
Therefore, despite the fact that TL-3 and TL-4 are
removed from the screening zone for a longer distance
than TL-1 and TL-2, the effect of TL-4 and especially
TL-3 on the level of the flux density of MF in the
screening zone can be significant.

Let us now consider the construction of a simplified
mathematical model of the initial MF generated by
several TL, and its identification from experimental data.
In order to determine the required number of TL wires to
be considered and the current values in these wires, we
construct a simplified model of the magnetic field based
on the simulation of the MF distribution in the screening
zone, taking into account the different number of wires
and the results of experimental studies.
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We define the current [;(f) in the k-th wire of the
lk-th TL in the following form

I (1) = Ay sin(or + gy ). 2
To determine the amplitudes A, of the currents 7;(¢)
we introduce the vector of the required parameters

7 ={4y}, the components of which are the amplitudes
Ay of the currents I(¢) in the k-th wire of the 1k-th TL.
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Fig. 3. Distribution of the magnetic flux density in the screening
zone during operation: a) one TL-4; b) two TL-3 and TL-4;
¢) three TL-2, TL-3 and TL-4; d) four TL-1, TL-2, TL-3 and

TL-4

Then the identification of the mathematical model
(1) can be reduced to minimizing the quadratic criterion
2
I
ok ) - -
Z = argman‘Bo(Pl-)—Be(PiX , 3)
i=l
where B,(P) is the measured magnetic flux density

vector in the point P;.

For the problem under consideration, an
approximated mathematical model of the initial MF is
constructed, in which the influence of only two 110 kV L
on the MF is taken into account. Fig. 4 shows the flux
density distribution of the MF of this approximated
model.

Fig. 4. Flux density distribution of the approximated
model of the magnetic field created by several TL

Fig. 5 shows the dependence of the flux density of
the MF of / — approximated model and 2 — measured
values. Comparison of simulation results and
experimental studies of the MF distribution in the
screening zone showed that when only the first two TL-1
and TL-2 of voltage of 110 kV are taken into account, the
error between such an approximated model and the
experimental values of the MF level does not exceed 4 %.

30 25 20 15 -10 -
Fig. 5. Dependencies of the MF flux density:
1 — calculated and 2 — measured values

Results of synthesis of ASS. We consider the
synthesis of the ASS of the MF created by several TL the
layout of which is shown in Fig. 1. This figure also shows
the residential area in which the MF screening is required,
and the location of the compensation winding. Based on
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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
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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

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



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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Yu.V. Batygin, E.A. Chaplygin, O.S. Sabokar, V.A. Strelnikova

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
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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).
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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.
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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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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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